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ABSTRACT 
 
Nanomaterials constitute the frontier in materials science. Materials on such length scales 
constitute the minimum units which contain sufficient numbers of atoms to display the collective 
properties that distinguish solid-state materials from their individual atomic constituents. 
Characterization techniques, predominantly electron microscopy and tip based methods, have 
rapidly advanced in recent years and now provide routine methods for structural characterization 
on such length scales. However, these methods are fundamentally incompatible with the typical 
environments in which such materials find applications, i.e., in solution, under reactive conditions. 
Herein, I describe the development of methodologies based on simple optical microscopy for the 
study of individual nano-sized grains of materials undergoing dynamical restructuring and surface 
binding events in complex, realistic environments. I demonstrated the feasibility of the 
methodology, as well as probed some of the fundamental behavior of such materials under reactive 
conditions. 
 
Specifically, I focus on two systems. The first is a well-studied model system in surface science, 
that of alkanethiol binding. By monitoring the kinetics of alkanethiol binding to the surface of 
individual Ag nanoparticles, it is demonstrated that (surface) structural heterogeneity can influence 
the rate of binding. A result of such structural heterogeneity is a variation of the contribution of 
two distinct pathways of adsorption: direct adsorption from solution and adsorption by surface 
diffusion. Secondly, I study galvanic exchange reactions of individual Ag nanoparticles with ionic 
metal complexes. By tuning the reactivity of the ionic metal complex, I demonstrate a transition 
between surface reaction limited and critical-intermediate-limited reaction dynamics. Critical 
dynamics is manifested in abrupt switch-like transitions of individual nanoparticles and distinct 
temporal offsets between nanoparticles of an ensemble undergoing the galvanic exchange 
transformation. Such dynamics are demonstrably not the result of structural (or surface structural) 
heterogeneities, but rather arise due to the stochasticity of initial void formation, the critical step 
in the reaction. It is also demonstrated that a surface passivating shell modifies the rate of galvanic 
exchange by acting as an energy barrier to the reactive ionic species, but the reaction mechanism 
remains unaltered. These kinetic insights developed from single nanoparticle observations are 
important for optimization of nanomaterials preparations, control of corrosion, and understanding 
of nanomaterials transformations in reactive environments.  
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CHAPTER 1: UNCOVERING DYNAMICS OF SELF-ASSEMBLED MONOLAYER 
FORMATION THROUGH SINGLE NANOPARTICLE OBSERVATIONS1 
1.1 INTRODUCTION 
It is well-established that on Au, Ag, and some other metal surfaces, alkanethiols of 12 or 
more carbon atoms spontaneously pack together, at room temperature, into a 2D crystalline or 
semi-crystalline chemisorbed layer.1 Thiol-based self-assembled monolayers (SAMs) have 
received wide-spread attention,2 not only because these SAMs constitute a simple means for 
surface functionalization of metals, metal oxides, and semiconductors,3,4 but also because SAMs 
offer a model for elucidating the intricate richness of adsorption and self-organization processes. 
In addition to the equilibrium structures of SAMs,4,5 real-time SAM formation has been probed 
using techniques like ellipsometry, contact angle measurements,6 surface plasmon resonance,7 X-
ray absorption,8 second-harmonic generation,9 and quartz crystal microbalances.10 Such in-situ 
studies have provided valuable insights into the kinetics of adsorption and SAM formation. But in 
these “bulk” investigations, crucial nanoscale details of the dynamics may have been smeared out 
due to ensemble-averaging over a macroscopic surface.11 With the aim of uncovering otherwise 
hidden aspects, we probed the kinetics of SAM formation on individual Ag nanoparticles, few tens 
of nm in their largest dimension. The power of such a high-spatial-resolution ensemble-averaging-
free approach for gaining nanoscale insights into dynamics and heterogeneity of solid-state and 
surface processes is evident in recent studies.12–23 Molecular-scale models were developed in past 
high-spatial-resolution investigations of SAM formation.11,24–26 For instance, on bulk Au(111), 
scanning tunneling microscopy (STM) has shown, as a function of increasing surface coverage, a 
                                                          
1 This article has been submitted for publication. 
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progression of adsorbate states characterized by: i) the formation of a lattice-gas phase of adsorbed 
thiols, ii) nucleation of islands of thiols lying down on the surface, iii) coverage of the entire 
surface by this ‘striped’ phase, iv) nucleation of islands of a high density solid phase of standing-
up thiols, and v) growth of these islands into a full monolayer of the solid phase, at the expense of 
the striped phase.11 Despite the availability of such detailed models, the insights developed here 
are unique in a few regards. Whereas the information from STM pertains to phase equilibria 
involved in SAM formation, the current study probes the real-time dynamics of SAM formation 
via both equilibrium and non-equilibrium pathways. Unlike the ultrahigh vacuum conditions in 
STM, we study SAM formation in solution under realistic conditions, wherein a clear picture of 
the dynamics is unavailable.4 We use ethanol as the solvent and μM-mM thiol concentrations, both 
very common conditions for making SAMs. At the same time, we remain cognizant of unique 
mechanistic aspects that may arise from our sample being composed of nanocrystals, which 
present a variety of surface sites27 that are not prevalent on macroscopic single-crystal surfaces.   
1.2 APPROACH 
 For measuring the kinetics of thiol adsorption and SAM formation on individual Ag 
nanoparticles, we employed dark-field scattering microscopy and spectroscopy.28–32 Ag was the 
metal of choice for experimental reasons. The extremely high scattering cross-section of Ag 
nanoparticles at their localized surface plasmon resonances (LSPRs) made it possible to image and 
collect spectra of individual nanoparticles in real-time, in solution, under flow.19 To measure the 
extent of SAM formation we took advantage of the refractive index sensitivity of LSPRs.28,31,33 
For these studies we synthesized Ag nanoparticles (see SI for synthesis details). TEM indicated 
that the sample contained a distribution of nanoparticle morphologies, including nanospheres, 
nanorods, nanoprisms, and hexagonal nanoplates (Figure 1.8 A, B). The various nanoplate-like 
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morphologies were observed to be crystalline with their flat, top surface comprised of the (111) 
facet of the underlying face-centered cubic lattice and containing stacking faults in the direction 
perpendicular to the large, flat surface. The rods were also observed to be crystalline. The 
nanospheres were found to be polycrystalline. The sample exhibited an ensemble in-plane dipole 
LSPR absorption maximum at ~550 nm (Figure 1.7). 
 Ag nanoparticles from the synthesized sample were deposited onto a glass cover-slip built 
into a custom microfluidic cell, amenable to study by dark-field microscopy and spectroscopy 
(Figure 1.1A). Sparse deposition of the Ag nanoparticles on the coverslip ensured that individual 
nanoparticles could be addressed, despite the diffraction limited nature of optical microscopy. 
Prior to kinetic studies, the surfaces of the Ag nanoparticles were cleaned with a 1 mM solution of 
NaBH4 to i) remove surface ligands, i.e., citrate left-over from synthesis and ii) to strip off the 
native surface oxide formed on Ag by air exposure (See SI for details). We confirmed removal of 
ligands by determining that adsorption rate constants were higher when such surface cleaning was 
performed (Figure 1.12). Following cleaning, the flow cell was maintained in an air-free 
environment by utilizing solutions deaerated with N2. In kinetics experiments, we monitored the 
LSPR scattering spectra of several individual nanoparticles as an ethanolic solution of 1-
dodecanethiol (DT) was flowed into the cell, initially filled with pure ethanol. Upon binding of 
DT to the surface of the nanoparticle, there is an increase in the local refractive index (RI) around 
the nanoparticle (nDT
 = 1.459 whereas nEtOH = 1.361).
34 Note that the refractive index of the 
underlying glass substrate (nglass ~ 1.5) must be taken into account, but this contribution does not 
change throughout the self-assembly process. Binding of DT induces a red shift and broadening in 
the LSPR spectrum of a nanoparticle, as shown in Figure 1.1B. Several more examples can be 
found in Figure 1.9. By tracking the wavelength shift in the LSPR versus time, we were able to 
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monitor, on a nanoparticle by nanoparticle basis, the dynamics of SAM formation in real-time. We 
take advantage of the fact that the LSPR wavelength-shift (Δλmax), when normalized to the 
saturation shift (Δλmax,s), is directly related to the extent of alkanethiol coverage, as established by 
past work.7,35,36 It must be noted that the LSPR probing method does not resolve individual sites 
within a nanoparticle, nor does it distinguish between different adsorbate phases formed; rather 
the combined kinetics of physisorption, chemisorption and self-assembly averaged over the entire 
nanoparticle is recovered. It is by statistical analysis of the kinetic trajectories of several individual 
nanoparticles that intra-nanoparticle-level, molecular-scale insights can be obtained, as we 
describe later.  
1.3 RESULTS AND DISCUSSION 
Time-trajectories of SAM formation occurring under a 1.5 mL/hr flow of a 10 mM DT 
solution are shown for 9 individual Ag nanoparticles (Figure 1.2). There is an apparent induction 
period of ca. 35 s before thiol adsorption onsets (indicated by the black line). This induction period 
is attributable to the time required for the buildup of a concentration field of DT at/near the surface 
of the nanoparticles. Given the laminar flow conditions in our microfluidic experiments, the latter 
requires the diffusion of solute molecules from the bulk of the solution into the no-slip boundary 
layer of fluid in contact with the glass substrate where the nanoparticles are immobilized.37  We 
do note that at lower concentrations, the induction period is longer (ca. 60 s at 0.01 mM DT as 
seen in Figure 1.3 A). This trend is attributable to the fact that the rate of diffusion of thiol 
molecules across the boundary layer is lower, as per Fick’s second law, when the concentration of 
thiols in the bulk solution is lower.  
An alternative explanation of the induction period is that the thiols are continuously 
adsorbing from the start of the experiment (t = 0 s), but that the degree of adsorption is below the 
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detection limit, until around the ca. 40-s mark when the limit of detection is surpassed. However, 
it would be highly coincidental for all nanoparticles in an experiment to surpass their detection 
limit at a similar time (as seen in Figure 1.2, 10 mM DT), especially considering their widely 
varying SAM formation rates (Figure 1.4 B, 10 mM DT). Thus, we can conclude the inflection 
point in the trajectory does indeed signify the onset of SAM formation on the nanoparticles, and 
not the surpassing of some detection limit following continuous adsorption of thiols up to that 
time-point.  
Nevertheless, given our limited ability to detect single-nanoparticle LSPR shifts (only > 1 
nm), we have no ability to detect the first few events of thiol adsorption, which may include the 
formation of small islands. From our single nanoparticle trajectories in Figure 1.3, we appear to 
be sensitive to a SAM fraction of ca. 0.05, where 1 indicates saturation coverage. Given a typical 
SAM formation rate constant of 0.01 s-1, this degree of SAM formation would be achieved within 
5 s of the onset of adsorption. Given that our spectral acquisition time is 5 s, any sub-detection-
level coverage would be complete within one time-point of the true adsorption onset. Thus, the 
observed inflection point of the trajectory can be considered, within the error of our time 
resolution, to be the onset of SAM formation.  
The simultaneity of the onset of thiol adsorption for all the nanoparticles is in contrast to 
previous observations by our group on Ag nanoparticle galvanic exchange,19 and CdSe cation 
exchange,20,21 where the reaction onset was not simultaneous, but was variable from one 
nanoparticle to another. We had showed that such a dispersion of onset times is seen when the 
reaction is limited by a critical step, the occurrence of which is stochastic at the single-nanoparticle 
level. In these past experiments, we also observed that once the critical step had occurred for a 
given nanoparticle, the reactive transformation of the nanoparticle was rapid, almost switch-like, 
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due to positive co-operativity.20,38 The ensemble reaction progress appeared more gradual due to 
the spread of onset times between nanoparticles. In other words, the ensemble reaction progress 
was limited by the rate at which critical events occurred. When the rate of critical events was low 
(high), there was a wide (narrow) spread in onset times of individual nanoparticles and the 
appearance of gradual (rapid) reaction progress at the ensemble level.  
In the present case, there is no dispersion in onset times of adsorption between 
nanoparticles, even at thiol concentrations three orders-of-magnitude lower (Figure 1.3 D). Past 
the onset, each nanoparticle shows a gradual progress of adsorption/self-assembly over tens of 
seconds. The ensemble-averaged trajectory (Figure 1.2, black curve) shows similar dynamics as 
the single-nanoparticle trajectories. The absence of step-like behavior in the single-nanoparticle 
trajectories suggests that the kinetics of SAM formation on a nanoparticle is not limited by a critical 
step. Thus, one can eliminate a kinetic model where a small 2D nucleus of adsorbed thiols forms 
stochastically at one location on a nanoparticle and then rapidly grows across the nanoparticle 
surface by co-operative (preferential) addition of adsorbates to the nucleus. Rather, the SAM 
appears to form gradually by thiol adsorption occurring randomly (non-preferentially) at sites 
across the entire nanoparticle. Certainly, 2D islands of thiols may form due to favorable Van der 
Waal’s interactions between alkyl chains of neighboring adsorbates, but island nucleation does not 
appear to be rate-limiting for extended SAM formation. Multiple such islands may form randomly 
on a nanoparticle (and coalesce) during the process of growth. Thus, attractive lateral interactions 
between adsorbed thiol chains, which dictate the equilibrium crystal structure of the SAM, do not 
appear to play a major role in the early kinetics of monolayer formation, even if they may be 
important in the kinetics of slower, hours to days long, reorganization/annealing steps,6,39 not 
studied here. Possibly, the energetic barrier to dissociative adsorption of the long-chain thiol40 on 
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the Ag surface is low enough that attractive lateral interactions do not lead to appreciable 
enhancement of the rate of adsorption nearby filled sites. 
To obtain further insight into the dynamics, we examined the rates of SAM formation. 
Individual nanoparticle trajectories were fit to a monoexponential growth function (Figure 1.10). 
A range of separately unresolvable molecular steps: physisorption,7 chemisorption, surface 
diffusion, defect-filling, chain re-orientation, or annealing may be inherent in the measured 
kinetics; nevertheless, the trajectories appear to phenomenologically follow the Langmuir kinetic 
model: 
𝑑𝜃
𝑑𝑡
= 𝑘(1 − 𝜃), where 𝜃 is the fraction of filled sites on the nanoparticle surface. k is the 
apparent adsorption rate constant, with units of s-1, which we use as a measure of the SAM 
formation rate for comparison across different conditions. The measured apparent rate constant 
(0.02 s-1 at 1 mM) compares well to a previously reported value for octanethiol SAM formation 
on Ag nanoparticles in ethanol (0.017 s-1 at 1 mM).11  
The dependence of the SAM formation rate on the thiol concentration (Figures 3 and 4) 
provides further insight. The ensemble-averaged rate constant for SAM formation increased with 
increasing concentration of DT, albeit in a sub-linear fashion (Figure 1.4C). To gain a microscopic 
understanding of this behavior, we analyzed how the rate constants of individual nanoparticles 
changed in response to the DT concentration (Figure 1.4 B). We found that SAM formation rate 
constants of individual nanoparticles were heterogeneously distributed, which may, prima facie, 
be attributed to morphological differences inherent in the population of nanoparticles. At low 
concentration, i.e., 10 μM, the population of nanoparticles showed a relatively narrow distribution 
peaked at ca. 0.008 s-1. Our expectation was that with an increase in DT concentration, the entire 
distribution would shift to higher rate constants. In practice, however, the peak of the distribution 
remained mostly unaffected (at ca. 0.01 s-1). The distribution simply broadened by developing a 
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tail towards higher rate constants. The greater the DT concentration, the longer and more intense 
was this tail. Thus, it appears that a large fraction of the nanoparticle population does not respond 
to an increase in the DT concentration. Secondly, the nanoparticle-to-nanoparticle heterogeneity 
in kinetics becomes significant at high DT concentrations, suggesting that the heterogeneity arises 
from the dynamics of the growth rather than on structural differences alone. 
From the concentration dependence of the ensemble-averaged rate constant and the single-
nanoparticle rate constant distributions, it appears that SAM growth on nanoparticles involves in 
the concentration regime investigated here (0.01-10 mM DT), at least, two parallel, distinct 
adsorption processes: a primary one, P1, with a concentration-independent (zero-order in DT) rate 
k1 of 0.075 s
-1 and a secondary one, P2, with a concentration-dependent rate k2[DT]
n where n is 
reaction order with respect to [DT], determined to be ca. 0.5 from a power law fit to the ensemble-
averaged rate constants (Figure 1.4 C, solid curve). A similar fractional reaction order has been 
observed in the ensemble kinetics of thiol place exchange reactions on Au nanoparticles41 and is 
suggestive of an unfavorable interaction between an adsorbed thiol molecule and one approaching 
a neighboring adsorption site. 
Thus, the rate of site filling by thiol adsorption, in the concentration regime investigated 
here (0.01-10 mM), is given by the sum of the rates of the two processes (P1 and P2): 
𝑑𝜃
𝑑𝑡
= 𝑘1(1 − 𝜃) + 𝑘2[𝐷𝑇]
𝑛(1 − 𝜃)       (1) 
where 𝜃 is the fraction of occupied sites on the nanoparticle. The solution of this differential 
equation (eq. 1) and taking into account that 𝜃 = 0 at t = 0 yields: 
1 − 𝜃 = 𝑒−𝑡(𝑘1+𝑘2[𝐷𝑇]
𝑛)     (2) 
𝜃 = (1 − 𝑒−𝑡(𝑘1+𝑘2[𝐷𝑇]
𝑛))         (3) 
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Thus, the SAM fraction (θ) versus t when fit to single-exponential Langmuirian growth kinetics, 
yields an apparent rate constant k given by: 𝑘1 + 𝑘2[𝐷𝑇]
𝑛. Thus, with increasing DT 
concentration, the apparent rate constant k increases, on average, as observed in Figure 1.4 C, with 
a fractional reaction order with respect to [DT].  
The single-nanoparticle rate constant distributions can be explained by the following 
deductions. In the low-concentration limit, process P1 dominates for most nanoparticles and 
therefore a narrow distribution of rate constants is seen. It appears that k1, on average, is ca. 0.008 
s-1. At higher concentrations of DT, P2 has a significant contribution to the SAM formation rate. 
The relative contribution of P1 and P2, however, is possibly variable from one nanoparticle to 
another, depending on the makeup of surface sites of a nanoparticle. As a result, large 
heterogeneities in the SAM formation kinetics are seen only at higher DT concentrations. 
We propose that sites on the Ag nanoparticle receive thiol adsorbates via one of two modes 
(Figure 1.5). A primary mode involves the migration or spillover of adsorbates (P1) from sites of 
initial adsorption. It is possible that the small fraction of vertex and/or edge sites prevalent in 
nanoparticles constitutes low-barrier sites where thiol molecules from solution preferentially 
adsorb.27 The lower barrier to chemisorption at these sites may be due to the higher reactivity of 
poorly co-ordinated Ag atoms and/or due to the lower steric crowding by adsorbed citrate. 
Thiolates may then migrate from these initial sites to fill other sites (e.g., terrace ones) on the 
nanoparticle by displacing adventitious adsorbates. Surface diffusion of adsorbed thiolates has 
been shown to be possible and facile at room temperature.42 Such surface diffusion has also been 
proposed to be rate-limiting in SAM formation of octadecyltrichlorosilane and octadecyl 
phosphonic acid on mica.43,44 Desorption/readsorption of the thiol5 as an alternative method for 
such migration cannot be ruled out. The rate of process P1 (k1) is expected to largely independent 
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of the solution concentration of thiol but dependent on the dynamics of surface migration, which 
may be limited by the rate of desorption of adsorbed citrate.  
The second mode of growth involves the direct adsorption of thiol from solution via place 
exchange with adventitious adsorbates on the surface (P2). The rate of P2 can be expected to 
increase with an increase in the solution concentration of thiol if kinetics are limited by metal-
thiolate bond formation, i.e., the association step. Alternatively, one cannot fully rule out that the 
deposition is solution-phase diffusion limited and the dependence of the solution-phase transport 
on the bulk thiol concentration is seen in the kinetics of P2.  
In summary, at low concentration, only the most reactive sites of the nanoparticle can 
adsorb thiols directly from solution at any appreciable rate compared to k1; the large majority of 
sites on the nanoparticle receive thiols only via in-migration of thiolates. Therefore, k1 dictates the 
SAM formation rate. On the other hand, at higher concentrations, the rate of direct adsorption from 
solution can compete with or exceed the rate of in-migration, for a much larger population of sites 
on the nanoparticle. One must consider, however, that there is a wide variety of surface sites 
(edges, vertices, 111 facets, 110 facets, and so on…) on an Ag nanoparticle. Each type of site, 
depending on the local energetics and the degree of steric crowding, may have a different value of 
k2, the rate constant for direct adsorption.
27 Therefore, the relative contribution of P2/P1 to the rate, 
given by <k2>[DT]
n/k1, where < > denotes an average over a nanoparticle, can vary from one 
nanoparticle to another due to morphological differences inherent in the nanoparticle population.   
We attempted to find the precise relationship between nanoparticle morphology and the 
nature of SAM formation kinetics by performing structure-correlated studies16,45 (See SI and 
Figure 1.6). SAM formation rate constants of individual nanoparticles were measured at 10 mM 
DT. Morphologies of these exact nanoparticles were determined by scanning transmission electron 
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microscopy (STEM) perform in a spatially correlated manner with the single-nanoparticle optical 
microscopy. The perturbative nature of STEM imaging posed a major problem in these studies. 
We found that electron beam irradiation (even in STEM) led to carbon coating of nanoparticles, 
which could not be removed and led to substantially altered kinetics and in most cases, no observed 
adsorption. We therefore switched to significantly reduced beam dosages combined with faster 
scans and lower magnifications in STEM, but the images obtained were low resolution and had 
minimal structural information. In addition, rate constants were found to be significantly lower 
than our typical experiments, except for the three nanoparticles analyzed and presented in Figure 
1.6. The three nanoparticles exhibit a different shape of their top facet (circular, hexagonal, and 
rod-like, respectively) and, in correlation, a different rate constant (0.034, 0.022, and 0.016 s-1). 
However, we do not attempt to make any conclusions about the dependence of kinetics on shape 
due to the limited statistics in this study and the likelihood of strong perturbations of the kinetics 
due to permanent changes caused by electron beam irradiation. Nevertheless, the structural 
correlation approach sheds light on nanoparticle-to-nanoparticle heterogeneity and will hopefully 
lead to further advances by us and future researches in the area of structure/property correlations 
at the single nanoparticle level.   
 We shed further light on the two modes of growth by investigating the quality of the SAMs 
formed at different concentrations. The high-density phase comprised of a packed monolayer of 
upright thiols, being the equilibrium structure, requires growth conditions wherein thiol deposition 
is much slower than surface processes like removal of solvent molecules, adsorbates, or impurities, 
reorganization of chains from lying down to upright, or filling in of defects by surface diffusion of 
thiolates. At high DT concentrations, the rate of thiol deposition from solution (P2) can be much 
higher than the aforementioned processes. Growth under such far-from-equilibrium conditions1 
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may lead to monolayers with significant fractions of lying down, physisorbed molecules, or 
defects. In fact, we observe such an effect. With an increase in the DT concentration, the ensemble-
averaged LSPR red-shift at saturation (∆λmax,s) decreases (Figure 1.4 C). The red-shift is 
proportional to the degree of filling of the immediate medium of the nanoparticles with the higher 
RI thiol. The magnitude of the LSPR shift at saturation can be thought of as an average measure 
of the thiol density on the nanoparticle ensemble. Thus, it appears that at higher concentrations of 
DT, where direct deposition from solution (P2) is significant, a lower density/less-
packed/disordered SAM is formed on the nanoparticles, on average. On the other hand, a relatively 
higher density SAM is formed, on average, at low DT concentration, where surface-diffusion-
limited migration (P1) is the dominant mode of growth and the rate of direct adsorption from 
solution is not significant for most of the sites on the nanoparticles.  
Despite the inverse correlation between the SAM formation rate constant and the ∆λmax,s (a 
proxy for the SAM density) seen at the ensemble level (Figure 1.4 C), it is difficult to establish 
such a correlation at the individual nanoparticle level. This is because the refractive index 
sensitivity of LSPR, known to be highly shape dependent,46,47 varies from one nanoparticle to 
another. As a result, even nanoparticles with presumably similar SAM densities would exhibit 
different magnitudes of ∆λmax,s. For instance in Figure 1.11 A, despite all the nanoparticles showing 
a similar rate constant, the magnitude of ∆λmax,s varies over a large range from 5 nm to 50 nm. 
Thus, due to a variable LSPR sensitivity, Δλmax,s does not offer a relative measure of the SAM 
density on individual nanoparticles and therefore this quantity cannot be correlated to the rate 
constant on a nanoparticle-by-nanoparticle basis. On the other hand, when Δλmax,s is appropriately 
averaged over an entire ensemble of nanoparticles, the effect of variable LSPR sensitivity is 
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reduced and the ensemble-averaged Δλmax,s is much more reflective of the SAM density obtained 
at a given DT concentration.  
1.4 CONCLUSIONS 
In summary, we studied thiol SAM formation on the level of individual Ag nanoparticles 
that allowed us to shed new light on the dynamics of the process. From these in-situ single-
nanoparticle studies, we determined that co-operative interactions between alkyl chains are not 
important in the kinetics of extended SAM formation in the solution phase. In addition, we found 
significant nanoparticle-to-nanoparticle heterogeneities in the kinetics and the structures of SAMs 
formed. While morphological variations between nanoparticles played some role, these 
heterogeneities resulted from the interplay of two distinct modes of SAM growth: spillover of 
adsorbates from reactive sites on the nanoparticle and direct adsorption from solution. At low 
concentrations, wherein direct adsorption from solution is not prevalent and growth takes place 
primarily by adsorbate migration, SAMs formed were relatively dense and the SAM formation 
rate was less variable from one nanoparticle to another. On the other hand, at higher thiol 
concentrations, when both modes of growth were operative, significant variations were seen in the 
SAM formation rate across the population of nanoparticles. The far-from-equilibrium conditions 
in the latter resulted in lower density/disordered/defective SAMs, on average. Unlike 2D surfaces 
where highly ordered SAMs with excellent crystallinity are common, in past work, metal 
nanoclusters in solution have exhibited highly disordered thiol SAMs, with a methylene disorder 
approaching that of liquid methane.48  
SAM formation is a model reaction for studying the complex dynamics of adsorption on 
surfaces. Some of the insights from this work may apply to other adsorption processes on bulk 
surfaces and nanoparticles. Under realistic conditions of adsorption on surfaces, equilibrium 
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structures may not always form; it is often important to consider the far-from-equilibrium nature 
of the process. Adsorbate spillover effects,49 like the one proposed here, may be more general in 
reactive adsorption on nanoparticle surfaces. Finally, some of these findings may have synthetic 
implications, since ligand passivation of metal and semiconductor nanoparticles often involves 
SAM formation. Synthesis conditions, like the ligand concentration, may need to be appropriately 
tuned for achieving slow growth resulting in compact, stable passivation shells on nanoparticles 
and for precluding variations in the ligand shell from one nanoparticle to another. After all, the 
ligand shell structure is thought to be central to the stability and catalytic properties of colloidal 
metal nanoparticles and to the optoelectronic properties of semiconductor nanocrystals.  
1.5 METHODS 
Ag nanoparticles were synthesized according to a procedure developed in our laboratory. 
To a 20 mL scintillation vial containing 10 mL of deionized (DI) water (18.2 MΩ, Barnstead 
Nanopure), 25 μL of 100 mM AgNO3 (Amresco, 99.0%) and 25 μL of 100 mM trisodium citrate 
(Alfa Aesar, 99.0%) were added. This solution was heated to 95 oC, in air, with stirring. 100 μL of 
20 mM sodium borohydride (J.T. Baker, 98%) was rapidly injected. The solution immediately 
turned yellow and remained that color. If the reaction temperature was too low, agglomerated 
nanoparticles were formed, indicated by a solution color of brown or black. Heating was 
maintained for 1 min, and then the solution was allowed to cool to room temperature. After 30 
min, this solution of seed particles was stored in a refrigerator at 4 oC without purification. The 
seed solution stored in this manner is capable of being used for synthesis of high quality 
nanoparticles for at least 6 months.  
In a 20-mL scintillation vial containing 10 mL of DI water (18.2 MΩ), 25 μL of 100 mM 
AgNO3 and 15 μL of 100 mM trisodium citrate were added. To this solution, 50-400 μL of the 
15 
 
seed solution was added. Adding a smaller amount of seed solution resulted in larger nanoparticles, 
and red shifted spectra. With stirring, under air at room temperature, 15 μL of 100 mM L-(+)-
ascorbic acid (Alfa Aesar, 99%) was rapidly injected. The solution gradually changed color from 
faint yellow, to red, to purple, to blue. Following 30 min of stirring, the vial was removed and 
stored in the fridge. The solution was found to be stable over several months.  All experiments for 
the current investigation were done with nanoparticles made with 300 μL of the seed solution. 
Ensemble absorbance spectra and bright field transmission electron microscopy (BF-TEM) images 
of these nanoparticles are shown in Figures S1 and S2 respectively. Absorbance spectra were taken 
on a Shimadzu UV-3600 spectrophotometer with a 1-nm resolution at a fast scan speed. TEM was 
performed on a JEOL 2010 LaB6 operating at 200 kV. The sample was seen to consist of a mixture 
of nanospheres, nanoprisms, hexagonal nanoplates and nanorods. The nanoprisms were seen to be 
single-crystalline with the face of nanoprisms constituted by the (111) lattice plane of Ag (Figure 
1.8 C, D). The nanorods were found to be single-crystalline with their long axis constituted by the 
(111) lattice plane of Ag (Figure 1.8 E,F). The nanospheres were seen to be polycrystalline (Figure 
1.8 G,H). 
All single-nanoparticle microscopy was carried out in home-built flow cells amenable to 
dark-field scattering microscopy. Flow cells were prepared immediately prior to use. Glass slides 
(3 inch x 1 inch x 1.2 mm, VWR Vistavision) were drilled with a 1-mm diamond coated drill bit 
at ~20 kRPM under water. Using a 2.5-mm diamond coated drill at ~20 kRPM, a second hole was 
drilled ~50 mm away to serve as an outlet. Slides were cleaned by soaking in a 2M aqueous 
solution of NaOH for 30 min, thoroughly rinsed with DI water, sonicated for 10 min in DI water, 
and then rinsed again thoroughly with DI water. Coverslips (24 x 60 mm, No.1, VWR Superslip) 
were subjected to the same cleaning procedure. A drop (from a plastic pipette) of the undiluted Ag 
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colloid solution was added to 2 drops of DI water in an Eppendorf tube and mixed. This solution 
was then drop cast onto the cleaned coverslip, and spread across the entire surfaces by tilting the 
coverslip. Since the coverslips are freshly cleaned the solution wets the surface very well. The 
excess liquid is wicked off onto a paper towel, leaving a thin layer of liquid on the surface. This 
thin layer is then blown off with pressurized air. This is found to leave behind a uniform coating 
of particles, sufficiently dispersed to allow single particle spectroscopy/microscopy. Polyethylene 
tubing (Instech Laboratories, 0.076 mm ID) was inserted into the 1-mm drilled hole and glued into 
place with 5 minute-epoxy (Loctite) and allowed to cure for at least 20 min. Double-sided tape 
(3M) placed along each long edge of the slide defined the height of the flow channel (tens of µm). 
Epoxy was applied around the interior edges of the tape to create a liquid-tight seal and the 
nanoparticle coated cover slip was placed face down on top of the tape and gently pushed down 
so that the epoxy spread evenly. The cell was then allowed to dry for 30 min before imaging and 
spectroscopy were performed. 
Dark-field scattering microscopy and spectroscopy was performed on an Olympus IX-51 
microscope equipped with a U-LH100-3 100W halogen lamp source focused through an Olympus 
U-DCW 1.2-1.4 NA oil immersion dark field condenser and collection achieved via an Olympus 
UPlanApo 0.5-1.35 NA 100x oil immersion objective. A Princeton Instruments Acton 
spectrograph and a PyLoN 7570-0003 charge-coupled device (CCD) were used for acquiring 
spectral movies. Ag nanoparticles were immobilized on the surface of the glass cover slip of the 
flow cell. It was ensured that individual nanoparticles were well-separated from one other, such 
that they could be addressed individually, despite the diffraction-limited nature of the microscopy. 
A slit was inserted between the microscope light-output port and the spectrograph to isolate a 
handful of nanoparticles for spectroscopic acquisition. The signal was dispersed with a 300 blaze 
17 
 
grating, centered at 600 nm. Acquired spectra were corrected in real time by subtracting dark 
counts and dividing by the spectrum of the light source in WinSpec software. 
For experiments with cleaned surfaces (main text figures, Figures S3-S5), deionized water, 
absolute ethanol and a solution containing varying concentrations of 1-dodecanethiol (>98%, 
Sigma-Aldrich) in ethanol were thoroughly deaerated by bubbling dry N2 through these for 45 
minutes. For performing microscopy, the flow cell was placed on top of the microscope objective, 
with the coverslip facing down towards the objective. Absolute ethanol was then injected into the 
cell with a plastic syringe. The flow cell was then flushed with ~0.5 mL of a solution of either 1 
mM or 0.2 mM NaBH4 in deionized water. Following treatment with NaBH4, the flow cells were 
flushed with 2 mL of the deaerated deionized water and then 2 mL of the deaerated ethanol. Once 
the cell had been flushed with ethanol, a septum was placed over the outlet to seal the cell. Then 
the syringe was replaced with one containing a freshly prepared ethanolic solution of DT.  This 
was done in such a way as to leave a ~1 mm bubble in the tubing at the inlet. The purpose of the 
bubble is to prevent mixing of pure ethanol and the DT solution before entry of the fluid into the 
body of the cell. Often at the start of the imaging, often nanoparticles in the field-of-view were 
significantly out of focus. This defocus was corrected in due course before entry of the DT solution 
into the flow cell. The time-point when the DT solution entered the cell is set to t = 0 s in all 
figures. All experiments were performed with a KD Scientific syringe pump operating at a flow 
rate of 1.5 mL/hr. During the longest experiments (those performed with 1 μM concentration of 
DT solution, which lasted more than 20 minutes), the objective focus was seen to drift, which was 
corrected manually.  
For experiments with citrate-covered nanoparticle surfaces, a similar procedure was 
followed. Slides and coverslips were cleaned, casted and built into flow cells in the same manner. 
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In this case, solutions were not deaerated with N2. Instead a freshly prepared flow cell was rinsed 
first with 2 mL of deionized water and then with 2 mL of absolute ethanol. Subsequently, a syringe 
containing a solution of DT in ethanol was attached, again leaving a small bubble between the pure 
ethanol and the DT solution. Microscopy was performed in the same manner as described above. 
Results of these experiments are shown for comparison in Figure 1.12. 
From the acquired spectral movies, spectra as a function of time were extracted using 
Image J by selecting a square region of interest of 9 pixels around each nanoparticle. Manual 
processing of spectra from individual emitters allowed us to eliminate spectra from aggregates and 
nanoparticles that drift out of the spectrometer slit. Emitters with multiple peaks in their spectra 
were excluded from our analysis since these emitters are most likely aggregates of nanoparticles. 
Secondly, we eliminated from our analysis any nanoparticle that drifted outside of the slit, which 
was manifested as a dramatic and sudden decrease in the intensity of that particular nanoparticle. 
We also exclude cases where a nanoparticle exhibits a sudden increase in its intensity and a change 
in its spectral profile due to a new nanoparticle drifting into the slit and spatially overlapping with 
our chosen nanoparticle. Each single-nanoparticle spectrum in a movie was fit using a MATLAB 
code to a Lorentzian function of the form: 
𝐼 =
𝐴1
(𝜆 − 𝜆𝑚𝑎𝑥)2 + 𝐴2
+ 𝐶 
where λmax defines the scattering peak maximum, A1 and A2 are related to the peak width, and C 
defines a baseline intensity for the spectrum.  
The scattering spectrum red-shifts with increasing refractive index; therefore, the 
magnitude of the red-shift, normalized to the saturation value of the shift, was used as a measure 
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of the extent of DT adsorption or self-assembled monolayer (SAM) formation. For each 
nanoparticle, the red-shift in λmax (relative to the value of λmax at t = 0) was determined as a function 
of time t. Time-trajectories of the red-shift, Δλmax, were plotted for all single nanoparticles (Figure 
1.11), with the time of entry of the DT solution into the flow cell set to t = 0 s. These plots of Δλmax 
vs. t were subsequently normalized to the magnitude of the shift at saturation coverage (Δλmax,s) to 
obtain the trajectories plotted in Figure 1.3. Δλmax,s was obtained from fitting these single particle 
traces to monoexponential function of the form: 𝑦 = 𝑦𝑜 + 𝐴𝑒
−𝑡∗𝑘. Only the portion of the 
trajectory between the onset and the end of the trajectory was fit (t = 35 s for 10 and 1 mM, t = 70 
s for 0.01 and 0.1 mM). The mono-exponential function yielded a good fit to the trajectories as 
confirmed by the value of R2 of 0.75-0.99, with only 9 total traces less than 0.90 (Figure 1.10). The 
value of k obtained from a fit represents the rate constant for SAM formation with units of s-1. y0 
values obtained from fits to un-normalized ensemble trajectories represent the LSPR shift in the 
limit of saturation coverage (∆λmax,s). Normalization was performed to account for the fact that the 
magnitude of the total red-shift resulting from complete SAM formation is variable from one 
nanoparticle to another. This variation results from differences in the refractive index sensitivity 
of nanoparticles of different shapes, sizes, and/or orientations relative to the incident light. 
Variation also arises from differences in the SAM density from one nanoparticle to another.  
In order to generate an ensemble-averaged time trajectory at each concentration of DT, we 
averaged normalized trajectories over several single nanoparticles. Each experimental trial yields 
typically only 4-6 single-nanoparticle trajectories. Therefore, in order to ensure reasonable 
statistics, single-nanoparticle trajectories from a several different trials at the same concentration 
were combined together. For DT concentrations of 10, 1, 0.1 and 0.01 mM, we averaged 
trajectories from 60, 39, 16 and 20 nanoparticles respectively (Figure 1.3) in order to generate the 
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ensemble trajectories shown in Figure 1.4 A. Ensemble rate constants were obtained by averaging 
all of the single nanoparticle rate constants shown in the histogram in Figure 1.4 B, similarily the 
ensemble-averaged Δλmax,s was obtained by averaging the Δλmax,s values from all of the single-
nanoparticle trajectory fits at a given DT concentration. 
One experiment where structures of nanoparticles imaged by high angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) were correlated to optical 
measurements of SAM formation kinetics performed on these nanoparticles (Figure 1.6). To 
perform this experiment, we first synthesized silica spheres in the size range of ~500 nm using the 
Stöber method.50 We drop-cast these spheres onto 200 mesh Ni formvar grids along with Ag 
nanoparticles from acetone suspensions. It is important to note that the nanoparticles were cast 
onto the side of the TEM grid opposite to one bearing the carbon and formvar. This strategy 
facilitates loading of the grid into a flow cell, as will be discussed later. These grids were first then 
imaged in HAADF-STEM mode on a JEOL 2010F microscope. A specific grid square was first 
located using the fiduciary markers on these grids that identify the central four squares of the grid. 
Then a general area was found using the silica sphere markers at low magnification. This area was 
then imaged at higher magnification to characterize the morphology of the Ag nanoparticles in that 
area as best as possible. We found that in order to successfully observe SAM formation on 
nanoparticles following STEM, beam exposure of nanoparticles during STEM needed to be 
minimized. We conjecture that beam exposure leads to deposition of an irremovable carbon coating 
on the nanoparticles, which impedes thiol adsorption. In the successful experiment shown in Figure 
1.6, the probe size was set to 0.3 nm, the magnification was kept to 30k at maximum, the resolution 
was set to 2048 x 2048 with a 1 µs per pixel dwell time and the beam was shuttered immediately 
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after every image. A series of images at this magnification are then stitched together to form Figure 
1.6 B.  
Following STEM imaging, the grid was procured and then affixed into a flow cell, prepared 
in a manner similar to the non-correlated optical experiments. Specifically, a glass slide and 
coverslip were washed with base, and then the TEM grid was placed onto the coverslip and affixed 
with two small dabs of epoxy. The line formed by the two dab points was perpendicular to the 
direction of flow, so as not to impede flow in the optical experiment. It was important that the side 
of the grid to which the carbon layer was affixed was placed directly in contact with the glass. This 
placement procedure was important; otherwise, an air bubble formed between the grid and the 
glass, causing intense light scattering rendering dark-field imaging unfeasible. Moreover, Once the 
DT solution entered the flow cell, carbon from the grid became irreversibly bonded to the 
coverslip. Following grid placement, the coverslip was glued onto a flow cell in the same manner 
as in the non-correlated experiments, except for one difference: three stacked pieces of double-
sided tape were used to define the flow cell height instead of one in non-correlated experiments, 
in order to account for the thickness of the grid.  
For the structure-correlated experiments, it was found that washing could not be performed, 
because such attempts often caused many nanoparticles to de-adhere from the grid surface. In other 
cases, washing caused dramatic blue shifts in the LSPR, seen only under extreme washing 
conditions (10 mM NaBH4.) in non-correlated experiments performed on glass substrates. Flow 
cells were imaged in the same manner as the non-correlated experiments. The very area imaged in 
STEM was found by identifying the silica spheres, which have a characteristic white color, 
distinguishing them from Ag nanoparticles, which appear as blue, yellow, green, orange, or red 
scatterers. Individual nanoparticles were identified by matching the pattern of scatters in dark-field 
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images with the pattern of Ag nanoparticles in STEM images. The SAM formation experiment in 
the flow cell (Figure 1.6) was performed in ethanol at a concentration of 10 mM DT. Normalized 
trajectories (Δλmax/Δλmax,s versus time) obtained from three single nanoparticles were plotted (see 
Figure 1.6) and fit as described in the previous section to obtain SAM formation rate constants of 
these nanoparticles.  
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1.6 FIGURES 
 
Figure 1.1. In-situ monitoring of self-assembly on the single-nanoparticle level. A) Schematic of 
the experimental setup: Darkfield microscopy was used to interrogate individual Ag nanoparticles 
exposed to a flow of 1-dodecanethiol (DT) in ethanol (symbolized by the red arrow). As DT 
assembles on the surface of a nanoparticle, the LSPR spectrum of the nanoparticle shifts in 
response to the change in local refractive index. B) Change in the LSPR scattering spectrum of an 
individual Ag nanoparticle exposed to a 1.5 mL/hr flow of a 10 mM solution of DT in ethanol. 
The time at which the DT solution entered the flow cell was set to t = 0 s. Spectra were collected 
with 5s integration time. Red indicates the highest scattering intensity and black the least. 
Examples for several other nanoparticles are shown in Figure 1.9. 
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Figure 1.2. Single-nanoparticle trajectories of DT adsorption and self-assembly. Individual 
trajectories of 9 Ag nanoparticles (colored curves) from one experiment in response to a 1.5 mL/hr 
flow of a 10 mM ethanolic solution of DT. The trajectory averaged over all 9 nanoparticles is 
shown in black. All single-nanoparticle trajectories from multiple trials and an ensemble-averaged 
trajectory are shown in Figure 1.3. The vertical black line marks the time-onset of adsorption, 
which we find to be common across all nanoparticles in a given experiment. The time at which the 
DT solution entered the flow cell was set to t = 0 s. Extent of SAM formation at any time is given 
by the observed LSPR wavelength shift normalized to the saturation shift (Δλmax/ Δλmax,s), as 
described in the SI.  
25 
 
 
Figure 1.3. Entire set of single-nanoparticle trajectories at different concentrations of DT. 
Trajectories are shown for the entire set of 20 individual Ag nanoparticles at a concentration of 
0.01 mM (A), 16 individual Ag nanoparticles at 0.1 mM (B), 39 individual Ag nanoparticles at 1 
mM (C), and 60 individual Ag nanoparticles at 10 mM (D). The flow rate of the DT solution was 
1.5 mL/hr at all concentrations. The DT solution entered the flow cell at t = 0 s. Extent of SAM 
formation is given by the observed shift in the LSPR scattering maximum, normalized to the 
saturation shift (Δλmax/ Δλmax,s). Saturation shift was calculated from a Langmuir fit of the single 
nanoparticle trajectory. 
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Figure 1.4. Nanoparticle-to-nanoparticle heterogeneity of SAM formation kinetics. A) The SAM 
formation rate increases with an increase in DT concentration, as seen from ensemble-averaged 
trajectories obtained at these concentrations. For 10, 1, 0.1 and 0.01 mM concentration, we used 
60, 39, 16 and 20 nanoparticles, respectively to generate the ensemble trajectory. B) Histogram 
showing the distribution of SAM formation rate constants for individual nanoparticles at each one 
of the four concentrations studied. As the DT concentration is increased, the distribution broadens, 
developing a tail towards higher rate constants. Rate constants were obtained from fitting single-
nanoparticle trajectories, as described in the SI. C) The DT concentration dependence of the 
ensemble SAM formation rate constant in the concentration regime investigated here (0.01-10 mM 
DT) is shown by black dots, with a fit to a power law with a constrained offset (y = 0.0075 + 
0.0097* x0.43) shown by the solid black curve. The ensemble SAM formation rate constants were 
obtained by averaging the rate constants of all single nanoparticles at each concentration 
(histograms from panel B). The average LSPR shift at saturation coverage (Δλmax,s) is seen to 
decrease with increasing DT concentration, as indicated by the red dots. 
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Figure 1.5. Schematic model of different modes of SAM growth on a Ag nanoparticle. A) Initial 
binding occurs at reactive, low-barrier sites (P1), followed by surface-diffusion-limited migration 
of thiolates to empty sites on the nanoparticle to form a densely packed monolayer. B) Adsorption 
at empty sites occurs directly from solution (P2). When such direct absorption is rapid, the 
monolayer is much more poorly packed. C) P1 has a rate independent of the solution thiol 
concentration in the concentration regime (0.01-10 mM DT) investigated here, except at very low 
thiol concentrations where thiol binding at reactive, low barrier sites can become rate limiting. On 
the other hand, the rate of P2 depends on the solution thiol concentration. Whereas P1 dominates 
at low concentrations, growth at high concentrations takes place via a combination of P1 and P2. 
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Figure 1.6. Structure-correlated studies of SAM formation. A) Optical dark-field microscopy 
image of the area chosen for examination. The region containing the Ag nanoparticle emitters (i, 
ii, and iii) selected for the SAM formation rate measurement is shown by the red box. Each bright 
emitter represents either a Ag nanoparticle (plasmonic scatterer) or a silica sphere (Mie scatterer). 
While the image acquired on the camera is black and white, Ag nanoparticles can be visually 
distinguished, by eye, from silica spheres on the basis of their characteristic scattering colors: Ag 
nanoparticles appear blue, green, yellow or red, whereas the silica spheres appear grayish white. 
B) The corresponding area imaged via high angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM). The four white dots arranged in a diamond near the center are silica 
spheres, which serve as fiduciary markers for low magnification imaging. The Ag nanoparticles 
are labeled with yellow dots, since they are very small and not visible in the image at this low 
magnification. The same Ag nanoparticles subject to rate measurements in the optical microscopy 
are shown within the red box. Insets show higher magnification STEM images of these 
nanoparticles. The low magnification STEM image was obtained by stitching together several low-
magnification images by using the nanoparticles for image registration. C) SAM formation 
trajectories for the three nanoparticles i, ii and iii, shown boxed in panels A and B. Solid curves 
represent mono-exponential fits to the normalized trajectories and rate constants obtained from 
these fits are indicated alongside each curve. DT concentration was 10 mM in ethanol and the time 
at which DT solution entered the flow cell is set to t = 0 s. 
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Figure 1.7. UV-Vis extinction spectrum of the Ag nanoparticle sample used in the experiments. 
Ag nanoparticles were made by a seed-mediated method developed in our laboratory, as detailed 
in SI text. The peak at ca. 550 nm is from the in-plane dipolar localized surface plasmon resonance 
(LSPR) mode of plate-like nanoparticles.  
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Figure 1.8. Representative bright-field TEM images (A and B) of a wide-field of Ag nanoparticles. 
The sample consists of a mixture of nanoprisms, nanospheres, nanorods, and hexagonal 
nanoplates. High-resolution bright-field TEM image (C) of an individual nanoprism. A fast-
Fourier transform (D) of the nanoprism shown in (C) yields discrete spots, indicating that the face 
of the nanoprism is single-nanocrystalline in nature and is constituted by the (111) lattice plane of 
Ag. High-resolution bright-field TEM image (E) of an individual nanorod. A fast-Fourier 
transform (F) of the nanorod shown in (E) yields discrete spots, indicating that the nanorod is 
single-crystalline in nature with its long axis constituted by the (111) lattice plane of Ag. High-
resolution TEM image of an individual nanosphere (G). Several distinct domains can be observed 
in the image. A fast-Fourier transform (H) of the nanosphere shown in (G) has a series of spots 
that begin to constitute a diffraction ring, an indication of the polycrystallinity of the nanosphere.  
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Figure 1.9. Time evolution of the LSPR scattering spectra of individual Ag nanoparticles in 
response to a 1.5 mL/hr flow of DT solution in ethanol at a concentration of 10 mM (A), 1 mM 
(B), 0.1 mM (C) and 0.01 mM (D). The DT solution enters the flow cell at t = 0 s in all cases. The 
adsorption of DT on the Ag nanoparticle surface induces a red shift of the LSPR scattering 
spectrum, consistent with the higher refractive index of DT (1.459) relative to ethanol (1.361), the 
medium. Scattering intensity is represented on a color scale, with red denoting the highest intensity 
and black denoting the lowest intensity. Spectra were collected with a 5-s integration time. 
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Figure 1.10. A representative single-nanoparticle trajectory (black dots) of SAM formation is 
shown at each one of the four concentrations of DT in ethanol: 10 mM (A), 1 mM (B), 0.1 mM 
(C) and 0.01 mM (D). These representative trajectories were selected from the full set of 
trajectories shown in Figure 1.3. For each representative trajectory, the fit of the kinetics to a mono-
exponential function (𝑦 = 𝑦𝑜 + 𝐴𝑒
−𝑡∗𝑘) is shown by the red curve. Data-points prior to the onset 
of adsorption were ignored in the fitting. All single-nanoparticle trajectories, shown in Figure 1.3, 
appear to fit such a mono-exponential function. The goodness of the fits, indicated by an adjusted 
R2 value, ranged from 0.75-0.99 with 9 trajectories with a value less than 0.90.  
33 
 
 
Figure 1.11. Entire set of single-nanoparticle trajectories at different concentrations of DT. 
Trajectories are shown for the entire set of 20 individual Ag nanoparticles at a concentration of 
0.01 mM (A), 16 individual Ag nanoparticles at 0.1 mM (B),  39 individual Ag nanoparticles at 1 
mM (C), and 60 individual Ag nanoparticles at 10 mM (D). The flow rate of the DT solution was 
1.5 mL/hr at all concentrations. Entry of DT solution into the flow cell is set to t = 0 s. Trajectories 
shown here involve plots of LSPR shift versus time, whereas the normalized LSPR shift versus 
time is plotted in the trajectories shown in Figure 1.3. 
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Figure 1.12. Effect of surface cleaning on the ensemble-averaged SAM formation rate. Single-
nanoparticle trajectories of SAM formation for nanoparticles cleaned by washing with 1.0 mM 
NaBH4, as well as those obtained with 0.2 mM NaBH4 washing and those from uncleaned, as-
synthesized citrate-covered nanoparticles were fit to a mono-exponential function. The ensemble-
averaged SAM formation rate constant was obtained by averaging rate constants for all individual 
nanoparticles in an experiment. The ensemble-averaged SAM formation rate constant was found 
to be consistently higher for the cleaned nanoparticles at all DT concentrations.  
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CHAPTER 2: A CRITICAL INTERMEDIATE IN GALVANIC EXCHANGE 
REACTIONS IDENTIFIED VIA SINGLE NANOPARTICLE SPECTROSCOPY2 
 
2.1 INTRODUCTION 
 Critical phenomena are central to solid-state transformations. Some well-known 
examples include the development of photographic films via formation of latent Ag4 clusters,
51 
spinodal decomposition in alloys,52 and biomineralization.53 These phenomena are characterized 
by an energetically uphill step, often involving the formation of critical-sized nuclei, following 
which the transformation proceeds spontaneously. A wealth of physical insight into materials 
transformations can be obtained by capturing the nucleation dynamics. However, such dynamics 
occur within nanosized grains or domains, therefore single nanodomain-resolution methods are 
required to capture them.18,54–56 This is because, in bulk-scale measurements, useful dynamics 
are smeared out due to ensemble-averaging over a large number of nanosized domains that are 
not in temporal phase with one another. Here we employed plasmonic spectroscopy to probe 
with single-nanoparticle resolution the dynamics of a common solid-state transformation and 
identified a critical structural event in the transformation.  
We studied the dynamics of a galvanic reaction, an electrochemical process driven by a 
difference in redox potentials of two metallic species.57,58 The more reactive metal undergoes 
oxidative dissolution concomitant to the deposition of a less reactive metal from its ionic solution. 
Galvanic reactions are central to the understanding and control of metal corrosion,59 formation of 
protective coatings,60 and fabrication of nanostructured and porous metal structures.61 Galvanic 
                                                          
2 This chapter is reproduced, in full, with permission from Smith, J. G.; Yang, Q.; Jain, P. K. 
Angew. Chemie - Int. Ed. 2014, 53 (11), 2867, Copyright 2014 John Wiley and Sons Inc. 
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replacement is also becoming a facile method for the production of hollow nanostructures of a 
variety of metals,62,63 semiconductors,64 and metal oxides,65 which are finding applications in 
medicine,66 catalysis,67 and sensing.68  
2.2 APPROACH 
We chose as a model system the galvanic replacement of Ag nanospheres by Au3+. The Ag 
nanospheres serve as a sacrificial template for the formation of hollow Au nanostructures with a 
high level of porosity.69 Both Au and Ag nanostructures are plasmonic materials, with strong 
resonant scattering in the visible region, making these nanostructures amenable to optical probing 
at the single particle level.28–30,32,70 We used the well-established dark field scattering spectroscopy 
method to monitor in real time, in solution, individual Ag nanoparticles undergoing a galvanic 
transformation to Au-based nanostructures. Ag nanoparticles (40-nm diameter polycrystalline 
spheres from Ted Pella) were deposited sparsely on the base of a home-built glass microfluidic 
cell (see SI). Sparse distribution of the nanoparticles ensures that the average separation between 
individual nanoparticles is greater than the diffraction limit, allowing individual nanoparticles to 
be resolved.  
2.3 RESULTS AND DISCUSSION 
 
Figure 2.1 shows dark-field scattering snapshots of nanoparticles at various points during 
a galvanic replacement reaction (also see SI Movies 1-3). The brightly scattering Ag nanoparticles 
(top frame) transition one nanoparticle at a time to dimly scattering Au/Ag nanocages (bottom 
frame). These transitions are characterized by a red shift of the surface plasmon resonance 
spectrum, with a corresponding decrease in scattering intensity (Figure 2.2). Initial and final 
plasmonic spectra are characteristic of Ag nanoparticles and Au/Ag nanocages respectively.71 The 
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spectral red shift and decrease in scattering intensity always occurred simultaneously (Figure 2.2 
and Figure 2.12), allowing us to infer reaction dynamics solely by tracking the scattering intensity 
of a wide-field of several individual nanoparticles.  
 We analyzed several representative single-nanoparticle intensity trajectories (Figure 2.3, 
bottom colored traces). Following the start of the Au3+ solution flow, each nanoparticle appears to 
“wait” a unique amount of time before making a transition from an Ag nanoparticle (high 
scattering intensity state) to the final Au/Ag nanocage structure (low scattering intensity state). 
Spectral movies confirmed that most of the spectral (and therefore structural) evolution of a 
nanostructure indeed took place during this intensity transition. The transitions of individual 
nanoparticles are seen to be rather rapid when compared to the much more gradual ensemble 
conversion (Figure 2.3, top black trace). In fact, the gradual ensemble-scale reaction progress is 
simply a collection of many sharp single-nanoparticle transitions occurring at various instants of 
time in the overall trajectory. 
 The dynamics represented by individual nanoparticle trajectories are characteristic of a 
system where an initial critical event serves as a precursor to the transformation. The critical event 
is low probability, however once it has occurred the nanoparticle can make a rapid spontaneous 
transformation. The waiting time represents the time elapsed before a nanoparticle can 
stochastically undergo this critical event. As time progresses, the likelihood of such a critical event 
occurring increases, which is reflected in the distribution of single- nanoparticle waiting times 
peaking at an intermediate time (Figure 2.4a). 
 Critical intermediates in solid-state reactions typically involve the formation of a 
nucleation cluster or specific defects within the lattice.[1],[2],[3] In order to structurally identify the 
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intermediate suggested by our single-nanoparticle trajectories, we performed high angle annular 
dark field scanning transmission electron microscopy (HAADF-STEM) imaging of the 
nanoparticles at various stages of galvanic exchange (Figure 2.4 and Figure 2.11). 
 Formation of such a void may be a critical step in the galvanic exchange transformation of 
a nanoparticle. It is widely believed that in the initial stages of galvanic replacement, Au 
deposition/alloying on the surface or the presence of a passivating oxide layer can cause blocking 
or passivation of the Ag surface and limit the reaction rate by hindering solid state out-diffusion 
of Ag.71–74 However, higher surface energy regions such as corners or grain boundaries, with 
higher oxidation potentials, can exhibit favorable removal of Ag resulting in vacancies or pinhole 
defects, which can coalesce into a localized void.75 Such a void can greatly enhance the out-
diffusion of Ag+ allowing the reaction to proceed at rates governed by diffusion in the liquid 
phase.71–74 Newly formed Ag vacancies can coalesce with the void, allowing it to grow 
spontaneously, until void growth culminates in a hollow cage structure.  
 Despite the identification of voids at the intermediate stage, we cannot rule out the 
possibility of initial Au clusters serving as critical nuclei for further deposition of Au. These initial 
nucleation clusters would be too small (a few atoms)76 to be detected via spectral shifts. However, 
the templated nature of the galvanic exchange reaction and the cage-like structure of the final 
product strongly suggests that the critical phenomenon in the transformation involves formation 
of a localized void in the Ag lattice rather than a Au nuclei. We observed in our TEM images that 
the extent of void formation varied greatly from one nanostructure to another, ranging from 
minimal (example shown in Figure 2.4 middle row, leftmost image) to high (Figure 2.4 middle 
row, rightmost image). This variation in the extent of void formation is consistent with the 
observed dispersion in waiting times of single nanoparticles in the trajectories.  
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 Although nanoparticle-to-nanoparticle variations in surface structure may contribute, to 
some extent, to the variation of single-nanoparticle waiting times, we find that the distribution of 
waiting times is primarily a result of the stochastic nature of the reaction. Measured waiting times 
of individual nanoparticles show no correlations with their plasmonic scattering intensities or 
plasmon resonance maxima, attributes that are sensitive to the size and shape of the nanoparticle 
(Figure 2.13). Thus, the waiting time of a nanoparticle does not seem to be dictated by its size or 
shape, or even its spatial location in the flow cell (Figure 2.9). Rather, the individual nanoparticle 
waiting times are stochastically distributed.    
 The considerable induction times observed indicate that the formation of a critical void is 
kinetically limiting.77 Once a nanoparticle stochastically forms a spontaneously growing void, a 
relatively rapid transformation to the nanocage structure occurs, as seen in our optical imaging 
trajectories. The formation of a single critical void within a nanoparticle may be sufficient for 
triggering complete galvanic exchange of the nanoparticle, as suggested by the absence of multiple 
steps in our single-nanoparticle trajectories. The relatively fast switching of individual 
nanoparticles compared to the ensemble conversion rate indicates that the rate of critical void 
formation is significantly slower than the diffusion-limited exchange rate. The speed of the 
ensemble-scale reaction is therefore dictated by the rate of formation of critical voids. This rate 
depends on the concentration of incoming Au3+ ions, as manifested in two ways. First, the peak of 
the waiting-time distribution shifts to shorter times as the Au3+ concentration is increased (Figure 
2.5a). Secondly, the dispersion in single-particle waiting times narrows with increasing 
concentration (Figure 2.5a). A narrower dispersion (i.e., smaller FWHM) is equivalent to a faster 
ensemble-scale conversion.  
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 The intrinsic rate at which a single nanoparticle transforms, once the critical step has 
occurred, is essentially independent of the Au(III)Cl3 concentration (Figure 2.5a, right) and is 
likely only mass- transport-limited. At high concentration (10 μM), when the rate of critical events 
is no longer limiting, the ensemble rate tends to the intrinsic single-particle exchange rate (Figure 
2.5a, left). In other words, the waiting time dispersion (FWHM) at 10 μM becomes extremely 
narrow, almost approaching the intrinsic single-particle switching time τ (Figure 2.5b). The latter 
would not have been the case if nanoparticle-to-nanoparticle structural variations were a primary 
contributor to the waiting time dispersion. 
 An important feature of the exchange reaction is the dramatic non-linearity of its kinetics 
(see Figure 2.5b and Figure 2.12), as expected for a process dictated by a critical phenomenon. A 
less than 2-fold decrease in the Au3+ concentration (from 10 µM to 6 µM) results in a slowing 
down of the reaction by 23-fold. Upon a further decrease to 1 µM, absolutely no reaction is seen 
even after 1000 s (SI Movie 4). The total amount of Au3+ delivered into the flow cell over this time 
interval is the same as that delivered in the 5 μM experiment (SI Movie 1) by 234 s. The fact that 
several nanoparticles have exchanged in the 5 μM experiment by 234 s indicates that the amount 
of Au3+ delivered to the flow cell is not the factor limiting the progress of exchange in the 1 μM 
experiment. Rather it is the significantly reduced rate of occurrence of critical events at this 
concentration that limits the reaction progress. 
 We ascribe this strong non-linearity of the reaction kinetics to the dynamics involved in 
the formation of a critical void. The rate of critical void formation is given by: 
               R ∝ e−∆Gc/kT              (4) 
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where ΔGc is the free-energy barrier for critical void formation. For a spherical void comprised of 
n vacancies each of volume ν, the net free energy of void formation is given by: 
ΔG∗ = n. g + 4π (
3nv
4π
)
2/3
γ     (5) 
where γ is the surface tension between the Ag phase and the solution which is assumed to fill the 
void. g is the free energy for the formation of a single Ag vacancy (VAg) as per the reaction: 
AuCl4
-
(aq) + 3Ag(s) → Au(s) + 3VAg + 3AgCl + Cl-(aq)   (6) 
The surface energy cost of creating a void (second term in eq. 5) increases with increasing surface 
area of the void as n2/3, whereas the bulk free energy stabilization resulting from galvanic exchange 
(first term in eq. 5) increases with increasing volume of the void as n. Thus, when the void becomes 
a critical size nc,  the bulk free energy stabilization can offset the surface energy cost. This situation 
is given by:  
           
∂ΔG∗
∂n
= 0        (7) 
Solving eq. 7, we determine: 
nc = − (
3v
4π
)
2
(
8πγ
3g
)
3
   (8) 
Once the void size is greater than nc, the total free energy decreases monotonically with size, 
allowing spontaneous progress of exchange through barrier-less diffusion-limited growth of the 
void. Thus n = nc is the point of maximum total free energy, which is essentially the free energy 
barrier for the reaction, given as: 
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        ∆Gc =
16πγ3v2
3g2
         (9)  
The rate of critical void formation becomes: 
 R ∝ exp (−
16πγ3v2
3kTg2
)
 
 (10) 
Each nanoparticle develops a critical void stochastically. The rate   R is a measure of the likelihood 
per unit time of the formation of a critical void in an individual nanoparticle. Thus, the higher the 
critical void formation rate, the narrower is the dispersion of single-nanoparticle waiting times. 
This dispersion is inversely proportional to the critical void formation rate R: 
FWHM ∝ exp (
16πγ3v2
3kTg2
)
 
 (11) 
The strong concentration dependence of this dispersion arises from: 
    g =
1
3
(g0 − kT. ln [Au(III)Cl4
−])          (12) 
 Here g0 is the standard free energy (225 kJ/mol) for the galvanic exchange reaction 
indicated by eq. 6 and the factor 3 accounts for the fact that 3 vacancies of Ag are created for every 
such reaction. This void growth model, while simple, was able to simulate the strongly non-linear 
trend of the reaction rate (see fit in Figure 2.5b) with a value of γ of 1.42 J/m2, which is close to 
the range of values reported in literature (0.7-1.3 J/m2) for silver in aqueous media.78 Note that the 
γ estimated from the fit to our experimental data is an average over various types of atomic sites 
involved in the creation of a critical void. The somewhat higher value of γ estimated here, as 
compared to literature values, is possibly reflective of the contribution of higher surface energy 
features such as kinks, corners, or edges, which are likely to be initial sites of void nucleation. 
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 The critical size of the void was estimated to be ca. 20 atomic vacancies (sub-nm), beyond 
which the void grows spontaneously. It may be possible to capture the formation of such critical 
voids by means of an in-situ TEM study of Ag nanoparticle exchange under Au3+ solution flow. 
However, liquid cell TEM studies have found that, in solution, the electron beam causes reduction 
of metal salts to form nanoparticles.79 Thus, the perturbation caused by a 200 keV electron beam 
is too large to allow any reliable study of the reaction dynamics. The relatively minimal 
perturbation in the optical microscopy approach used here is fundamentally advantageous in this 
regard. 
2.4 CONCLUSION 
 In summary, the galvanic replacement of Ag nanoparticles by Au to form Au/Ag nanocages 
involves a critical step related to the formation of a ca. 20 atomic vacancy void. Once a 
nanoparticle forms such a critical void, the transformation to a nanocage structure is spontaneous 
and rapid.  As a result of such dynamics, the galvanic exchange reaction exhibits a strongly non-
linearity: over a relatively narrow window of concentrations, we observe evolution from no 
exchange (1 μM), to exchange governed by the rate of critical events (5-8 μM), and eventually to 
a mass-transport limited regime (10 μM).  
 Importantly, we have demonstrated that the study of transformations with nanoscale 
resolution can reveal mechanistic information that is normally blurred by ensemble averaging. 
While these studies were performed on a collection of spatially separated individual nanosized 
grains, the insights obtained should apply to a large polycrystalline material. It is likely that 
exchange kinetics similar to those observed here are at play in the galvanic corrosion of a 
macroscopic piece of Ag metal. The critical role of localized voids in allowing rapid corrosion 
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explains the often observed surface roughening of the metal and the development of porosity. It 
should be possible to extend these studies to more industrially relevant systems (e.g. copper 
corrosion) for microscopic insight into the corrosion process. 
2.5 METHODS 
 PELCO® Nanoexact 40 nm silver colloid was purchased from Ted Pella Inc. (lot number: 
DAC1018). These nanoparticles have an average diameter of 40.6 nm +/- 3.0 nm as confirmed by 
TEM and are capped by citrate molecules. Au(III)Cl3.3H2O was purchased from Sigma Aldrich 
and used without further purification. Deionized water (18.3MΩ) from a Barnstead Nanopure 
water system was used. Absorption spectra were taken on a Shimadzu UV-3600 with 1-nm 
resolution at fast scan speed. Scanning transmission electron microscopy (STEM) was performed 
on a JEOL 2010F operating at 200kV. Energy Dispersive X-ray spectroscopy (EDS) was 
performed in STEM mode on the same microscope using an Oxford INCA 30-mm ATW detector. 
 All single-nanoparticle microscopy was carried out in home-built flow cells amenable to 
dark-field scattering microscopy. Flow cells were prepared immediately prior to use. Glass slides 
(3 inch x 1 inch x 1 inch, VWR Vistavision) were drilled with a 1-mm diamond coated drill bit at 
~20 kRPM under water. Using a 3-mm diamond coated drill at 20 kRPM, a second hole was drilled 
~50 mm away to serve as an outlet. Slides were cleaned by soaking in hot concentrated NaOH for 
30 min, thoroughly rinsed with DI water, sonicated for 10 min in DI water, rinsed with saturated 
NaHCO3, and then rinsed again thoroughly with DI water. Coverslips (24 x 60 mm, No.1, VWR 
Superslip) were subjected to the same cleaning procedure. A drop (from a plastic pipette) of the 
undiluted 40 nm Ag colloid solution (5.4x1010 nanoparticles/mL) was added to 0.5 mL of DI water 
and mixed with a plastic pipette. The cleaned cover slips were spun at 5 kRPM while the dilute 
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nanocrystal solution was dropped onto the surface. Polyethylene tubing (Instech Laboratories, .076 
mm ID) was inserted into the 1-mm drilled hole and glued into place with 5 minute-epoxy (Loctite) 
and allowed to cure for at least 20 min. Double sided tape (3M) placed along each long edge of 
the slide defined the height of the flow channel (tens of µm). Epoxy was applied around the interior 
edges of the tape to create a liquid-tight seal and the nanoparticle coated coverslip was placed on 
top of the tape and gently pushed down so that the epoxy spread evenly. The cell was then allowed 
to dry for 30 min before imaging experiments were performed. 
 Video microscopy was performed on an Olympus IX-71 with a Andor iXon DU897E back-
viewed EMCCD (for intensity imaging) or an Olympus IX-51 with a Princeton Instruments PyLoN 
7570-0003 CCD (for spectrally resolved imaging). Dark-field scattering microscopy of the Ag 
nanoparticles immobilized on the flow cell surface was performed with a Olympus U-LH100-3 
100W halogen lamp source focused through an Olympus U-DCW 1.2-1.4 NA oil immersion dark 
field condensor and collected by an Olympus UPlanApo 0.5-1.35 NA 100x oil immersion 
objective. It was ensured that individual nanoparticles were well separated from one other, such 
that they could be addressed individually, despite the diffraction-limited nature of the microscopy.  
 For performing microscopy, the flow cell was placed on top of the objective (with coverslip 
facing down towards the objective). Focusing was done similarly in all experiments. A gratuitous 
amount of oil was placed on the objective and on top of the slide (facing the condenser). An 
aperture placed in between the source and the condenser was completely opened. The condenser 
was lowered until it was immersed in the oil, then the objective was focused with its smallest NA 
setting to the plane of the nanoparticles on the coverslip, after which the objective was locked. 
Next, the aperture was reduced to its smallest setting. At this point one can see the image of the 
aperture. The height of the condenser was adjusted to maximize the signal-to- background ratio.  
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The aperture size was then set to encompass the entire viewing area. The objective NA was selected 
on the basis on highest signal-to-noise in the following manner: as the objective iris is opened, a 
bright ring around the outside of the viewing area becomes visible. The objective iris is set to just 
make this bright ring disappear. DI water was then injected into the cell with a plastic syringe, 
which was then attached to the syringe pump. The outlet is covered with a Kimwipe to absorb the 
outlet flow. Once the cell has been flushed with DI water, a septa is placed over the outlet to seal 
the cell and then the syringe is replaced with a solution of Au(III)Cl3.  This is done in such a way 
as to leave an ~ 1 mm bubble in the tubing at the inlet to prevent mixing of the DI water and 
Au(III)Cl3 solution before entering the body of the cell. The Au(III)Cl3 solutions are prepared fresh 
before every experiment from the same 10 mM stock solution. The point when the bubble entered 
the cell is marked by a black arrow as the start of reaction in all trajectories. All experiments were 
performed with a KD Scientific syringe pump operating at a flow rate of 1.5 mL/hr.  
 Two different modes of acquiring videos are utilized. In one case, intensity-only videos 
were acquired for a wide-field of nanoparticles, using a Andor Ixon+ EMCCD, with its acquisition 
time set to 0.5 s and gain set to none. The lamp intensity was reduced to ~75% of its maximum. In 
another case, spectral videos were obtained for several single nanoparticles using a Princeton 
Instruments Acton SP 2300 spectrograph with a 300 blaze grating and a PyLoN CCD. The lamp 
intensity was set to maximum and the acquisition time was set to 2 s. Individual nanoparticles were 
aligned with the slit of the spectrograph. Scattering spectra were obtained from acquired spectra 
by correction in Winspec software involving dark count subtraction and division by the light source 
spectrum. In other cases, the intensities of acquired spectra were summed over all wavelengths in 
order to .generate time-trajectories of intensity for single nanoparticles. 
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 The time-stacked intensity images were processed using Image J. First, the images are 
corrected for stage drift using a manual registration algorithm in Image J. Next, an area 
surrounding each individual nanoparticle (such that no interference from other nanoparticles was 
present) was marked. The intensity over this selected area was extracted using the Image J multi-
measure tool for the entire time stack. In this way, time-trajectories of intensity were obtained for 
several individual nanoparticles in each experiment. The single-nanoparticle intensity trajectories 
were fit to a sigmoid function of the Boltzmann form as employed in Origin: 
𝑦 =
𝐴1 − 𝐴2
1 + 𝑒
(𝑡−𝑡𝑜)
𝜏
+ 𝐴2 
where fit parameter A1 is the intensity at the start of the trajectory and A2 is the intensity at the 
end of the trajectory. to, the instant of time (relative to the start of flow) where the intensity rapidly 
crosses a half-way point between A1 and A2, defines the waiting time for an individual particle. 
The time constant τ, which is characteristic of the time it takes an individual nanoparticle to 
undergo the sharp conversion, is extracted from the fit. The ensemble trajectory is the direct 
average of all single-nanoparticle trajectories in a given experiment. 
 The spectral movies were also corrected for stage drift in Image J. Intensity trajectories for 
single nanoparticles were generated from these drift-corrected spectral movies by summing across 
all wavelengths the intensity of spectra of individual nanoparticles. In cases were scattering spectra 
are presented, these were obtained by subtracting from the acquired spectra the dark counts of the 
CCD, and then dividing by the spectrum of the light source in Winspec. 
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2.6 FIGURES 
 
 
Figure 2.1. Single nanoparticles undergoing a galvanic exchange reaction. Dark-field scattering 
snapshots of a wide-field of Ag nanoparticles show that as time progresses from t = 0 s to t = 1000 
s, bright scatterers representing individual Ag nanoparticles (with plasmon spectra shown at the 
top for three representative nanoparticles) make a sharp conversion to dimly scattering Au/Ag 
nanocages (with plasmon spectra shown at the bottom for the same three nanoparticles). The full 
movie is attached as part of the supplementary information. The study was performed in a 
microfluidic flow cell with Ag nanoparticles immobilized on the flow cell surface. 5-μM 
Au(III)Cl3 was flowed at 1.5 ml/hr. The time t indicated for each frame is relative to the instant of 
time when the Au(III)Cl3 solution entered the cell. The acquired movie and snapshots were 
corrected for stage drift. Spectra before the reaction were collected with a 10-s integration time 
and those after the reaction with a 30-s integration time.  
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Figure 2.2. Trajectory of a single nanoparticle during a galvanic exchange reaction. The black 
trace shows a time-trajectory of the scattering intensity of a single nanoparticle (integrated over 
~400-680 nm) during galvanic exchange. Scattering spectra shown at four time points along the 
trajectory are indicative of a transformation from a Ag nanoparticle to a Au/Ag nanocage. The 
intensity trajectory shows that such a transformation is rapid for an individual nanoparticle. 
Reaction was performed with a flow of 3.5-μM Au(III)Cl3 solution at 1.5 ml/hr. The Au3+ solution 
enters the cell at the instant indicated by the black arrow. Spectra were collected with a 2-s 
integration time, and were corrected for dark counts and divided by the spectrum of the light 
source. The final spectrum (shown in orange) was collected with 30-s integration time and is 
corrected the same way. Two more examples of representative single-particle trajectories from the 
same experiment can be found in the Figure 2.12.  
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Figure 2.3. Galvanic exchange of single nanoparticles is much faster than the ensemble 
conversion. The time-trajectory of scattering intensity for an ensemble of nanoparticles (black 
trace) shows a gradual conversion of the ensemble. On the other hand, trajectories of several single 
nanoparticles (colored traces) show that the galvanic exchange of individual nanoparticles is rather 
rapid, occurring within a short time-span. Individual nanoparticles undergo the exchange at 
different instants of time along the trajectory. In essence, the overall ensemble reaction is 
comprised of sharp transformation events of individual nanoparticles. A 6-μM Au(III)Cl3 solution 
flowing at 1.5 ml/hr entered the microfluidic cell at the time indicated by the black arrow. The 
ensemble trajectory was obtained by summing intensities of all 129 nanoparticles. 
51 
 
 
 
 
Figure 2.4. Electron microscopy images reveal structural aspects of the dynamics of galvanic 
exchange. Top panel shows HAADF-STEM images of representative unreacted Ag nanospheres. 
The middle panel shows images of some representative partially exchanged nanoparticles, 
revealing voids formed within the nanoparticle. The degree of void formation varies from one 
nanoparticle to another. This variation in the degree of void formation is consistent with the 
observed dispersion in waiting times. The bottom panel shows images of the final nanostructures, 
which have the morphology of nanocages. The final composition is that of an Au/Ag alloy, as per 
energy dispersive spectroscopy analysis shown in the Figure 2.11. Samples for three different 
stages of exchange were obtained by titrating a solution of Ag nanospheres with increasing 
amounts of Au(III)Cl3, as indicated in Figure 2.10. Images confirm that each nanostructure is 
initially a quasi-spherical Ag nanoparticle, which finally evolves into a nanocage composed of an 
Au/Ag alloy (elemental analysis is shown in Figure 2.11). However, snapshots of individual 
nanostructures at an intermediate stage of galvanic exchange (Figure 2.4 middle row) are most 
revealing. At the intermediate stage, many of the nanoparticles exhibit surface voids.  
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Figure 2.5. Single-nanoparticle dynamics vs. ensemble behavior A) Single-nanoparticle waiting 
times, shown on the left, follow a peaked distribution, indicative of a process limited by a critical 
intermediate step. The dispersion of single-nanoparticle waiting times, indicated by the FWHM of 
this distribution, reflects the rate of the overall ensemble conversion. As the Au(III)Cl3 
concentration is increased, the distribution narrows, indicative of an increase in the ensemble 
conversion rate. On the right, the time constant τ for conversion is shown for several single 
nanoparticles in the form of a distribution. The time constant, on average, does not change when 
the Au(III)Cl3 concentration is increased, implying that it represents an intrinsic rate of mass-
transport-limited exchange of a single nanoparticle. Waiting times and time constants were derived 
from sigmoidal fitting of single-nanoparticle trajectories, a more detailed description of which can 
be found in the SI. Waiting times are relative to the instant of when the Au(III)Cl3 solution entered 
the flow cell. Note that the assignment of the time of entry is somewhat approximate as the region 
of interest is not located at the entrance of the flow cell. B) The FWHM of the waiting time 
distribution (red data points) and the average time constant τ (green data points) are plotted as a 
function of the concentration. The FWHM values were obtained by Gaussian fitting of waiting 
time distributions, with the error in the fit used as the magnitude of the error bar. For average time-
constants, the standard deviation was used as the error bar. The FWHM data is fit (R2 = 0.99) to 
eq. 8 as shown by the red curve. 
A 
B 
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Figure 2.6. In addition to the trajectory shown for a representative nanoparticle in Figure 8, 
trajectories are shown for two other representative nanoparticles undergoing a galvanic exchange 
reaction. Red trace shows the evolution of the scattering intensity (integrated from ~400-680 nm) 
of the nanoparticle in response to a flow of 3.5 μM Au(III)Cl3 at 1.5 ml/hr. The Au3+ solution enters 
the cell at the instant of time indicated by the black arrow. Spectra are shown at selected time-
points along the trajectory. Scattering spectra and intensity trajectories were collected as described 
in the text. The spectrum of the final nanostructure (shown by the orange trace) was collected with 
30 s integration time and was corrected to account for dark counts and spectral profile of the source. 
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Figure 2.7. Comparison of broadband intensity trajectories of single nanoparticles (acquired on an 
Andor Ixon+) with those obtained from spectral movies (acquired with an Acton spectrograph and 
PyLoN camera). The black trajectories are for three individual nanoparticles from intensity 
galvanic exchange experiment performed with 6-μM Au(III). These are taken from Figure 9 in the 
main text. The red traces represent trajectories obtained by integrating uncorrected spectra from 
~400-680 nm. The two sets of single-nanoparticle trajectories are similar in terms of kinetics and 
the conversion time constant τ, indicating that the broadband intensity videos capture information 
similar to that from spectral videos. 
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Figure 2.8. Ensemble trajectories of galvanic exchange for four different concentrations (6,7,8 and 
10 μM) of Au(III)Cl3 solutions. Ensemble trajectories were generated by averaging the dark-field 
scattering of 129, 120, 122 and 121 individual nanoparticles for 6, 7, 8, and 10 μM solutions 
respectively. The ensemble rate increases with increasing concentration, as expected.  
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Figure 2.9. Waiting-times of individual nanoparticles plotted relative to their corresponding x-y 
positions. There appears to be no correlation between waiting time of a nanoparticle and its x-y 
position, indicating that the dispersion in waiting times is not a result of a moving front of 
Au(III)Cl3 or inhomogeneous mixing. The concentration of Au(III)Cl3  was 6 μM. 
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Figure 2.10. Galvanic exchange titration of a solution of nanoparticles performed to obtain 
samples for the STEM/EDS study. Exchange was monitored by obtaining a UV-Vis spectrum of a 
solution. Each step involves the addition of 10μL of 0.25 mM Au(III)Cl3 to a cuvette of a total 
volume of 3 mL, until a total of 110 μL was added, then 25 μL aliquots were added up to a total of 
250 μL, and then a final addition of 50 μL was performed. The cuvette was stirred vigorously and 
allowed to reach equilibrium (for ~15 min) before a UV-Vis absorbance spectrum was collected. 
The red traces represent spectra for the points at which samples were obtained for TEM analysis.  
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Figure 2.11. EDS maps of nanoparticles at intermediate and final stage (indicated by red traces in 
Figure 2.10). Image resolution has been reduced by a factor of 2. EDS spectra indicated an average 
Au:Ag ratio of 5:95 for nanoparticles at the intermediate stage and 43:57 for the nanoparticles at 
the final stage, implying that the final nanostructure is an Au/Ag alloy. The maps are color rendered 
such that red represents Au, green represents Ag, and blue represents Cl (likely in the form of 
formed AgCl). 
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Figure 2.12. The inverse of the FWHM, which is a measure of the ensemble reaction rate, (and 
therefore also of the rate of formation of critical intermediate) increases exponentially with 
increasing concentration of Au(III)Cl3. The rate does not depend linearly on concentration, as 
would be expected for a first order reaction, rather it depends super-linearly, i.e., to an order as 
high as 10 in concentration. An empirical fit with an exponential growth function (black curve) 
captures this super-linearity. An R2 value of 0.999, indicated a good fit, albeit with few data points. 
Parameters obtained from the fit are indicated. 
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Figure 2.13. Waiting times are stochastic and not correlated to structural features of nanoparticles. 
A) A distribution of waiting times of several individual Ag nanoparticles plotted versus their 
corresponding plasmonic scattering intensities shows no correlations. Galvanic exchange was 
performed with 6 μM Au3+ solution (i.e., same experiment as in Figure 11a, bottom panel and SI 
Movie 2). The plasmonic scattering intensity of a nanoparticle depends on the nanaoparticle size, 
and also on its shape. The lack of correlation in this plot indicates that size and shape effects do 
not govern waiting times B) A distribution of waiting times of several individual Ag nanoparticles 
plotted versus their corresponding plasmon resonance maxima shows no correlations. Galvanic 
exchange was performed with 5 μM Au3+ solution (i.e., same experiment as in Figure 7 and SI 
Movie 1). The plasmon resonance maximum of a nanoparticle is very sensitive to the shape of the 
nanoparticle, and to a smaller extent, on the size of the nanoparticle. The lack of correlation in this 
plot indicates that size and shape effects do not govern waiting times. 
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CHAPTER 3: THE LIGAND SHELL AS AN ENERGY BARRIER IN SURFACE 
REACTIONS ON TRANSITION METAL NANOPARTICLES3 
 
3.1 INTRODUCTION 
 The ligand shell is ubiquitous in colloidal nanoscience. The surfaces of inorganic 
nanoparticles are typically covered with a shell of organic ligands. These ligands serve the critical 
role of stabilizing nanoparticles in the colloid state by enhancing solvation and sterically hindering 
inter-nanoparticle coalescence.80 Other functions such as electronic passivation of less-coordinated 
surface atoms are also known.81–83 However, the ligand layer can play an inadvertent role in 
applications where access to the inorganic nanoparticle surface is desirable, for instance, when 
ligand-coated nanoparticles are used as colloidal catalysts, photocatalysts, in batteries or 
electrochemical cells. For instance, Talapin and coworkers have shown that long-chain 
hydrocarbon-based ligands serve as insulating barriers to electron transport in assembled films of 
closely packed ligand-passivated CdSe nanocrystals.84  
 Ligands play an important role in modulating the reactivity of metal centers, a fact that has 
long been appreciated in inorganic chemistry. In the synthetic colloidal nanocrystal community, 
the role of ligands in modulating the growth of shape-controlled nanoparticles is central.85,86 How 
surface reactivity is affected by the ligand shell, a common topic of investigation in the surface 
science community,11,87–90 is however only beginning to be elucidated in the nanoparticle 
community. Herein, we ask how the ligand shell influences a common nanoscale transformation, 
that of galvanic exchange. The specific system studied is the galvanic exchange of Ag 
                                                          
3 Smith, J. G.; Jain, P. K. J. Am. Chem. Soc. 2016, 138 (21), 6765. This is an open access article 
published under an ACS AuthorChoice License, which permits copying and redistribution of the 
article or any adaptations for non-commercial purposes 
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nanoparticles capped with organic thiols with Au ions.58,91 In this system, Au3+ ions from solution 
diffuse to the Ag nanoparticle surface and undergo reduction to form Au, which gets deposited on 
the surface. Concomitantly, as required by electrochemical balance, Ag atoms from the 
nanoparticle are oxidized to Ag+ ions, which diffuse into the solution. Galvanic exchange has 
become an important method for engineering nanostructures of a variety of metals,63,92 metal 
oxides,93 and semiconductors,94 and is beginning to find applications in medicine,95 catalysis,67 
and sensing.96  
 It has been observed that the nature of the passivating ligand influences the final 
morphology of the nanostructure formed from galvanic exchange.97 What is the precise 
mechanistic origin of this effect? In addition to modification of surface energies, the ligand layer 
can be expected to hinder diffusion of electrons, ions, adsorbates, or reactive molecules to the 
surface of the nanoparticle. What role does transport across the organic ligand interface play in the 
overall reactivity of the nanoparticle? The latter questions motivate our study, wherein mechanistic 
conclusions are made on the basis of ensemble-free reaction kinetics measured in situ on single 
nanoparticles. Particularly, instructive in the model galvanic exchange reaction is the influence of 
the ligand shell thickness on reactive ion transport, akin to studies on electron transfer across 
insulating organic monolayers.98,99 By variation of the chain length of the hydrocarbon backbone 
of the thiol, it was possible to vary the thickness of the ligand coating and study the resulting effect 
on the kinetics of the galvanic exchange reaction. We found that the presence of a surface-bound 
thiol monolayer greatly impeded reaction rates, without altering the fundamental nature of the 
transformation, an effect that becomes stronger with increasing chain length of the thiol. The 
thickness effect suggests that the ligand shell serves as an energy barrier to the diffusion of ions 
to/from the nanoparticle surface. From a detailed study of various parameters, the influence of the 
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ligand shell on reactivity is found to be much stronger than the effect of size, shape, or crystallinity 
of the nanoparticles. We also find that the barrier effect can be decreased by light irradiation, 
wherein the binding of the ligand layer to the surface is weakened. In addition to the fundamental 
insights into interfacial chemistry and transport phenomena, one implication of these results for 
catalysis/photocatalysis is that metal nanoparticle reactivity can be tuned by a combination of 
ligand passivation and light irradiation  
3.2 APPROACH 
 For the measurement of reaction kinetics, we monitored the galvanic exchange reaction on 
individual Ag nanospheres using in-situ dark-field scattering spectroscopy (see detailed procedure 
in the SI). Citrate-coated Ag nanospheres were first immobilized within a microfluidic flow cell 
and incubated with a solution of a carboxylic acid thiol. The thiols, known to form strong Ag-S 
bonds, replace the weakly bound citrate ligands at the nanoparticle surface. Close to saturation 
coverage of the thiol can be achieved after 15 min of incubation as evidenced by the results of a 
separate study.100 The thiol-coated nanospheres were then subject to galvanic exchange with a 
Au(III)Cl3 solution. The area-density of immobilized nanoparticles was maintained low enough 
such that, on average, individual nanoparticles were separated by distances greater than the 
diffraction limit, thereby enabling single-nanoparticle resolution. Due to the strong localized 
surface plasmon resonance (LSPR) of the 34 nm Ag nanospheres, their scattering cross-section is 
large enough to allow single-nanoparticle-level sensitivity in dark-field scattering.28–30,32,70 Upon 
exposure to a sufficient concentration of Au(III)Cl3, Ag from a nanosphere is dissolved in the form 
of Ag+ (or precipitated in the form of AgCl) and Au is concomitantly deposited on the 
nanospherical template.101 Due to the presence of strong d→sp transitions in the blue region of the 
electronic spectrum of Au, the LSPR of the final Au-containing nanostructure is damped relative 
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to that of the starting Ag nanosphere. Therefore, in the course of galvanic exchange, there is a 
decrease in the scattering intensity (Movie S1-S3), which can be monitored in real-time to generate 
a single-nanoparticle reaction trajectory. Note that AgCl deposition, while prevalent to a small 
extent in this galvanic exchange reaction, does not cause a significant damping of the scattering 
intensity, as compared to the effect of galvanic displacement of Ag by Au.  
 Single-nanoparticle trajectories (Figure 3.1 A, D, G) give us information about the 
dynamics of galvanic exchange, which is otherwise smeared out in an ensemble-averaged 
trajectory (Figure 3.1 J).12–19,23,102–105 From single-nanoparticle intensity trajectories, we observe 
that each individual nanoparticle, following a waiting period, makes a rather abrupt switch from 
an Ag nanosphere (high scattering intensity state) to the final exchanged nanostructure (low 
scattering intensity state). The instant of onset of this transition, given by the waiting time, varies 
from one nanoparticle to another (most evident in Figure 3.1 A). The waiting times are 
stochastically distributed over the nanoparticle population and appear to follow a Gaussian 
distribution (Figure 3.1 B, E, H). From a fit to the Gaussian function (examples shown in Figure 
3.8), one can obtain both an average waiting time and the spread in waiting times in the form of a 
full-width-at-half-maximum (FWHM).  Both the average waiting time and the FWHM are 
inversely related to the rate of progress of the galvanic exchange averaged over the nanoparticle 
population.  
 In the past,19 we have shown (as subsequently confirmed by others106) that the behavior 
observed in single-nanoparticle trajectories is a result of a two-step mechanism:  
i) There is a precursor step in the galvanic transformation of the nanoparticle, which involves the 
stochastic nucleation of a void (collection of Ag vacancies) on the surface of the Ag 
65 
 
nanoparticle. The waiting time signifies the period before a void larger than a critical size is 
nucleated in the nanoparticle.  
ii) Following the formation of a critical void in a nanoparticle, rapid galvanic exchange takes place 
across the bulk of the nanoparticle, limited only by the mass transport of depositing Au3+ ions 
and/or dissolving Ag+ ions. The time it takes for this mass-transport-limited transformation is 
signified by a time constant (τ), obtained by fitting the single-nanoparticle trajectory to a 
Boltzmann-like sigmoid function, as shown in Figure 3.7. Since there is small spread in τ values 
over the nanoparticle population possibly due to structural/morphological/ surface differences, 
we refer to the peak τ of the distribution, obtained by log-normal fitting of this tailed distribution 
(examples shown in Figure 3.8).   
Under typical conditions, τ is smaller than the average waiting time or the FWHM, implying that 
void nucleation is the rate-limiting step in the reaction. The nucleation of a critical void requires 
the reduction of multiple Au3+ ions, as reflected in a non-linear reaction order with respect to the 
Au3+ concentration. Under conditions, such as a higher Au3+ concentration, void nucleation takes 
place at a higher rate, the waiting times shift to a lower average, the spread of waiting times 
becomes narrower (smaller FWHM) and the galvanic exchange is seen to proceed faster at the 
ensemble level.  
3.3 RESULTS AND DISCUSSION 
 Using information (FWHM, average waiting time, peak τ) from a large set of such single-
nanoparticle trajectories, we were able to determine the effect of the ligand shell separately on the 
kinetics of the two elementary steps of the transformation: void nucleation and subsequent mass-
transport limited dissolution of Ag and deposition of Au. We compared the behavior of Ag 
nanospheres coated with Na3Citrate with those coated with carboxylic acid-terminated thiols of 
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three different chain lengths: 3-mercaptopropionic acid (3-MPA), 6-mercaptohexanoic acid (6-
MHA), and 11-mercaptoundecanoic acid (11-MUA). The procedure of surface coating is described 
in the SI. Results of galvanic exchange on surface functionalized nanoparticles are presented in 
Figure 3.1.  
 Whereas thiols form a well-bound surface layer on the nanoparticle surface, Na3Citrate is 
known to form a weakly adsorbed ligand layer with possibly sparser equilibrium coverage.107–109 
Exchange dynamics are similar: abrupt switch-like transformation of individual nanoparticles is 
seen for both thiol and Na3Citrate cases. However, the reaction kinetics are markedly different for 
the thiol vs. the Na3Citrate cases at the same Au
3+ concentration. Compared to the Na3Citrate, the 
ensemble conversion progresses much more slowly in the case of the thiols (Figure 3.1 J). The 
waiting time is shifted to a significantly higher average and the FWHM of the waiting time 
distribution is also significantly higher (Figure 3.1K). The latter suggests that whereas the 
Na3Citrate is easily displaced from the nanoparticle surface to facilitate initial exchange events, 
the presence of the strongly bound thiol coating is an impediment to the nucleation of a void on 
the nanoparticle surface, the critical step in the transformation. It is possible that thiol passivation 
renders surface Ag atoms more stable against dissolution. However, there is an observable effect 
of the carbon chain length of the alkanethiol, which suggests phenomena other than surface 
energies are at play, as will be discussed later. The slowing down in the ensemble reaction is much 
more pronounced for the longer-chain 6-MHA than for the shorter-chain 3-MPA, under identical 
conditions (Figure 3.1). The average waiting time and FWHM are higher for the former. 
Furthermore, for Ag nanoparticles capped with an 11-MUA layer, the impeding effect is so 
dramatic, that no exchange is seen in this case even after 2000 s of exposure under identical 
reaction conditions (Movie S4).   
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 In addition to hindered nucleation, mass-transport of ions (post-nucleation) also appears to 
be impeded in the presence of the hydrophobic thiol coating, as seen from a comparison of time 
constants for single-nanoparticle transformation, τ. It appears from the peak τ values (Figure 3.1 
K) that it takes 3-4 times longer for a thiol-coated nanoparticle to transform as compared to a 
Na3Citrate-coated nanoparticle. There, however, appears to be little effect of the carbon chain 
length on τ (Figure 3.1 L). 
 We were also able to decrease this “blocking” effect of the ligand shell by means of light 
excitation. Visible light excitation of thiol-coated nanoparticles is known to result in the desorption 
of thiols from the nanoparticle surface,110 either due to photothermal heating,111 thiol 
photooxidation,112 or due to photoinduced energy transfer into Au-S bonds.107  Figure 3.2 shows 
the effect of light irradiation on the galvanic exchange of 3-MPA coated Ag nanoparticles. With 
an increase in the light irradiation power, an increase in the ensemble rate of exchange was seen. 
The average waiting time and FWHM systematically decreased with an increase in the light 
irradiation power (Figure 3.2A, left) and the peak τ decreased (Figure 3.2A, right). Experiments 
performed with 6-MHA and 11-MUA coated nanoparticles showed a similar photoeffect (Figure 
3.12). At the highest power tested, kinetic parameters approached those of Na3Citrate capped 
nanoparticles. These results indicate that the passivating thiol shell on the nanoparticle surface is 
disrupted (Eq. 1), due to light excitation:  
                                             Ag-SR                   Agbare + -SRphysisorbed          (1) 
 Higher the excitation power, greater is the likelihood of a nanoparticle presenting a 
defective ligand shell with its surface partially exposed to the Au3+ solution, such that in the 
limiting case, void nucleation and ionic transport become as facile as in the case of uncoated or 
Na3Citrate-capped nanoparticles. In the case of weakly bound Na3Citrate, which is easily displaced 
h 
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even in the absence of light, the photoeffect is weak (Figure 3.2 B). It is worth noting that similar 
photoinduced ligand displacement has been observed on semiconductor nanocrystals.113–115 In 
these cases, the desorption of thiols involves their photoxidation to disulfides, induced by electron 
injection into oxygen present in solution. Since oxygen is present in our solution (as expected from 
its solubility of 8 mg/mL in DI water at room temperature and pressure), it is plausible that a 
similar mechanism is at play here. However, selective energy deposition into Ag-S bonds either 
by photothermal means or via hot electron transfer (chemical interface damping) cannot be ruled 
out. Determination of the precise mechanism of the visible light-induced thiol desorption, while 
outside the scope of the current study, is worthy of future investigations. 
 It has been shown19 that the nucleation of a critical sized void on the Ag nanoparticle 
surface requires multiple Au3+ ions to be reduced to Au(0) at the Ag surface; concomitantly 
multiple Ag atoms undergo oxidative dissolution. The reaction kinetics therefore shows a non-
linear reaction order with respect to the concentration of Au(III)Cl3. From the dependence of the 
reaction rate on the Au(III)Cl3 concentration for coatings of different carbon chain lengths (Figure 
3.3 and Figures S7-10), we obtain further insights into the mechanistic role of the ligand coating. 
For all coatings, the relative ensemble rate (which is simply given by 1/FWHM as established by 
us in the past19), increases with an increase in the Au(III)Cl3 concentration, c (Figure 3.3A).  
 It must be noted that, as a result of the non-linear concentration dependence of kinetics for 
the galvanic exchange system,19 small variations in the reaction conditions can produce significant 
fluctuations in the reaction rate. In fact, Figure 3.3 contains at least two trials at each concentration. 
The measured rate can differ by up to two-fold between trials, particularly, at the lowest 
concentration. The discrepancy between experimental trials likely originates from unavoidable 
variations in the underlying substrate (hydroxylated SiO2) to which the metal nanoparticles are 
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affixed. Despite our best attempts to rigorously clean the substrates, we believe that there are 
always variations in the local pH, glass surface structure, and/or trace contaminant levels that can 
affect kinetics. As well documented in the single molecule biophysics community, there is an open 
need for exceptionally reliable methods to prepare reliably uniform substrates.116 Despite the 
observed heterogeneity, the rate always varied systematically with concentration for a given set of 
trials. Furthermore, there was always good agreement between the average waiting time and the 
FWHM across all trials (Figure 3.13, correlation coefficient of 0.84). Thirdly, in all of the trials, a 
longer chain ligand exhibited a smaller ensemble rate than all of the trials performed with a shorter 
one at the same concentration. In other words, the fluctuations were not large enough to occlude 
the systematic dependence on ligand chain length, discussed below.  
 When the ensemble reaction is plotted vs. Au(III)Cl3 concentration, a different trend is 
found for each ligand length (Figure 3.3 A). The longer ligand shows a lower rate at the same 
Au(III)Cl3 concentration. However, data points for the three ligand lengths follow the same curve 
if we plot the rate vs. a scaled concentration c/clig instead of c: 
𝑟𝑒𝑙.  𝑟𝑎𝑡𝑒 = 𝑎. (
𝑐
𝑐𝑙𝑖𝑔
)
𝑏
          (2) 
where clig is a ligand length-dependent unit-less scaling factor. Here, a is a proportionality factor 
of 1 M-b.s-1 for consistency of units and b found from fitting to be ~ 2 for all ligand lengths signifies 
the non-linear reaction order.  
 The observed scaling behavior of reaction rate vs. c/clig implies the following. The 
galvanic exchange reaction rate is not dictated by the bulk Au3+ concentration c, but it is dictated 
by some effective Au3+ concentration at the Ag nanoparticle surface. The insulating, hydrophobic 
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ligand shell acts as an energy barrier against the transport of Au3+ ions from the bulk to the 
nanoparticle surface. Due to this hindered transport of Au3+, the surface Au3+ concentration (or 
chemical potential) is lower than the bulk concentration. If the fraction of Au3+ ions that can 
transfer across the ligand barrier and reach the surface is denoted by 1/clig, then the effective, 
steady-state surface concentration is simply c/clig. One may hypothesize that longer the ligand, 
greater the barrier effect, smaller this transported fraction 1/clig, and lower the effective surface 
concentration c/clig. This is indeed what we find from the values of clig extracted from fitting the 
rate data to eq. 2 (Figure 3.3D). From, the value of clig, we can also estimate the relative barrier 
height, 𝑟𝑒𝑙. 𝛥𝐸, for each ligand length. This is because the fraction of ions that is transferred across 
the ligand barrier, 1/clig, is given by exp(-𝑟𝑒𝑙. 𝛥𝐸/𝑘𝑇). Thus: 
      exp(-𝑟𝑒𝑙. 𝛥𝐸/𝑘𝑇) = 1/𝑐0          (3) 
rel. 𝛥𝐸 = 𝑘𝑇𝑙𝑛𝑐0          (4) 
 This ligand length-dependence of ionic transport appears analogous to the distance 
dependence of the rate of electron transfer across insulating barriers.117–119 There is another 
interesting point to be made from our results in the 11-MUA case, where no exchange is seen even 
at the highest Au3+ concentrations employed in the single-nanoparticle experiments. Possibly, for 
this long chain length, the energy barrier is so high that the steady state Au3+ concentration at the 
surface is not sufficient enough to nucleate large-enough voids and initiate galvanic exchange. It 
is also worth mentioning an alternate explanation for the ligand length-dependent kinetics, which 
is difficult to resolve from the barrier thickness effect proposed above. Longer thiols are known to 
form self-assembled monolayers that are more thermodynamically stable. The lower prevalence 
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of dynamically formed defects120 in the longer chain ligand coating may be the cause of the slower 
kinetics of ion transport across the shell. 
 A similar scaling behavior is also seen in the single nanoparticle τ values (Figure 3.3C). 
As shown in the past, τ, which represents the timescale of mass-transport limited exchange, is 
typically independent of the Au(III)Cl3 concentration above a threshold concentration. However, 
below this concentration, it begins to sharply increase, indicating a regime where the rate of 
atomistic exchange events becomes limited by the availability of Au3+ at the nanoparticle surface. 
This threshold concentration (ca. 5 μM for 3-MPA, ca. 10 μM for 6-MHA, and ca. 15 μM for 11-
MUA) appears to be larger for longer chain ligands. This finding (and that in Figure 3.1 L) is 
consistent with the role of the ligand shell as a barrier to the transport of Au3+ ions to the 
nanoparticle surface.  
 Furthermore, in addition to the kinetics, we found that the nature of the ligand coating 
influenced the structure/morphology of the nanostructures produced by galvanic exchange (Figure 
3.4, Figure 3.18). Scanning transmission electron microscopy (STEM) imaging and elemental 
analysis were performed on nanostructure samples obtained from galvanic exchange of Ag 
nanospheres in bulk colloidal suspensions, at room temperature, in the absence of light irradiation. 
In addition to the final product, we also characterized the nanostructures in an intermediate/partial 
state of exchange (Figures 4 and 5), by limiting the amount of Au3+ added and monitoring the 
progress by UV-Vis spectrophotometry (Figure 3.17). In an irreversible process like galvanic 
exchange, the concentration of Au(III)Cl3 added in the titration has correspondence to the exposure 
time in the kinetics experiment. This correspondence is verified by the fact that the Au(III)Cl3 
concentration required to achieve full conversion in the titration (complete damping of the Ag 
nanosphere plasmon resonance in UV-Vis spectra) followed the same trend (Na3Citrate < MPA < 
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MHA < MUA) as expected from the ligand length-dependent kinetics. From TEM images at the 
intermediate state (Figure 3.4, top row), nanostructures ranged from unreacted to those fully 
exchanged, with a significant fraction of the nanoparticles partially reacted. We noticed that in 
order to get to a state where a significant fraction of the nanoparticles had undergone some partial 
exchange, the thiol-coated nanoparticles needed to be exposed to a much higher Au(III)Cl3 
concentration (see Figure 3.17) than what was required for the Na3Citrate-coated nanoparticles. In 
fact, the trend mirrored the ligand length-dependence of kinetic measurements.  
 In the case of Na3Citrate-coated nanoparticles, the final product nanostructure was 
typically a hollow Au/Ag alloy nanocage (Figures 4 E and Figure 3.18 E), templated by the initial 
Ag nanosphere.19,58,91,101 3-MPA coated nanoparticles show a relatively similar final structure to 
nanoparticles coated with Na3Citrate (Figures 4 F and S12 F). However, for 11-MUA-coated 
nanoparticles, the final nanostructure consisted of a loosely held agglomerate of multiple Au-rich 
nanodomains of size much smaller than the initial Ag nanosphere (Figures 4 H and S12 H). The 
product morphologies in the 6-MHA case were in between the 3-MPA/Na3Citrate and 11-MUA 
cases (Figures 4 G and S12 G), but more similar to the 11-MUA cases, being minimally templated 
but somewhat alloyed. The relative Au content, of the nanostructures, on average, was found to 
increase in the order: Na3Citrate < 3-MPA < 6-MHA ~ 11-MUA (Figure 3.4 I-L).  
 The surface energy of Ag, which is modified by ligand passivation, is an important 
thermodynamic factor to consider when explaining the observed morphological and compositional 
differences between the different ligand coatings. However, the fact that the morphological 
outcome is dissimilar between “chemically” similar coatings (MPA vs. MHA vs. MUA, all of 
which involve surface passivation via Ag-S bond formation) prompted us to examine the role 
played by the length-dependent reaction kinetics for these three ligands.   
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 The observed trend in the product morphology can be explained by the influence of the 
ligand coating on the nature of atomistic exchange processes (Au deposition and Ag removal) 
occurring post-nucleation.  In the case of Na3Citrate coating, the weakly adsorbed ligand is easily 
replaced. Therefore, during the spontaneous progress of the exchange reaction post-nucleation, 
Au(0) formed from Au3+ reduction is deposited in direct contact with the Ag nanoparticle surface. 
This close electrochemical contact also allows deposited Au atoms to diffuse into the Ag lattice, 
in the intermediate stages of exchange, resulting in alloying.91 A representative example of such 
an intermediate stage nanostructure is shown in Figure 3.5 A, B. The nature of these processes 
makes it clear why the initial Ag nanoparticle serves as a structural template for the final hollow 
nanocage structure (Figure 3.18 A, E). Apart from Au deposition, AgCl can also be formed in the 
exchange process. However, from the relatively small Cl % measured in EDS spectra of the final 
nanostructures (Figures 4 and S12), it appears that most of the AgCl is efficiently dissolved and 
does not affect the ultimate nanostructure morphology under our conditions. 
 It can be deduced that the loss of templating in the presence of the long-chain thiol ligands, 
particularly 11-MUA (Figure 3.5 D, E), is a result of reduced electrochemical contact between the 
Au3+ containing-solution and the nanoparticle surface, caused by the thick ligand shell acting as 
an effective contact barrier. Au3+ transport to the nanoparticle surface is significantly hindered in 
regions where the ligand shell is still intact post-nucleation. We propose that despite this, the bulk 
of the Au3+ ions that fail to cross the barrier can competitively reduce to Au(0) on the outer side 
of the ligand shell, in electrochemical response to Ag atoms oxidatively dissolving from a 
nucleated void elsewhere on the nanoparticle surface. Despite the lack of direct contact, a redox 
couple between the two metals is possibly maintained by electron transfer across the ligand shell, 
which can take place much more readily than transport of bulkier ions. As a result of the 
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physicochemical barrier posed by the long-chain ligands, Au, rather than alloying with the Ag 
lattice, is deposited primarily in the form of discrete nanodomains, as seen from the intermediate 
stage elemental map (Figure 3.5 E). These phase segregated Au nanodomains are possibly 
stabilized by a shell of passivating thiols that has undergone slow reorganization. The initial Ag 
nanosphere, therefore, does not serve as a structural template in the slow exchange reaction with 
longer chain coatings. The lack of formation of a stable alloy possibly also leads to greater loss of 
Ag in the course of exchange with longer ligands, explaining the trend in elemental ratios presented 
in Figures 4 and S12). For the 3-MPA coating, where the short-chain ligand shell poses a relatively 
weaker barrier, and to a smaller extent for the 6-MHA coating, a significant degree of direct Au 
deposition/alloying/templating takes place in parallel with some degree of “remote” unstructured 
Au deposition, thereby explaining the observation of in-between morphologies (Figures 4 C, G 
and S12 C, G).  
 Finally, we examined the effect of Ag nanoparticle size and shape on the reaction kinetics 
(Figure 3.6). The study involved a series of Ag nanospheres of different size (average diameters 
of 26 nm, 34 nm, and 47 nm) and an additional sample comprising of Ag nanoplates. The 34 and 
47 nm nanospheres were entirely polycrystalline, whereas the 26 nm nanospheres were primarily 
single crystalline. The nanoplates were crystalline, 5 nm thick on average, with their top flat 
surfaces comprised of the (111) facet of fcc Ag, and containing stacking faults perpendicular to 
their flat surface. Overall these samples comprise a wide gamut of structural attributes, including 
differences in nanoparticle volume of >1500%, differences in surface area of >350%, significantly 
variable defect densities, and significantly different surface sites, including highly under 
coordinated sites at sharp edges of the prismatic nanoplates. Na3Citrate was chosen as a ligand to 
eliminate differences in reaction kinetics originating from the nature of the coating (Figure 3.1) or 
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light irradiation power (Figure 3.2). Despite the structural diversity of the nanoparticle samples, 
there is no dramatic difference in the reaction kinetics. The concentration dependence of ensemble 
rate follows the same general trend for all these nanoparticle samples of difference size and/or 
morphology (Figure 3.6 A), quite unlike what is seen for different ligand coatings (Figure 3.3 A). 
While there are some inexplicable differences in single nanoparticle τ values at low concentration, 
the threshold concentration appears to be similar regardless of size/shape (Figure 3.6 B). Void 
nucleation at the nanoparticle surface is known to be critical to the progression of the galvanic 
exchange;19 therefore the activity of surface sites is likely to be a crucial determinant of the reaction 
kinetics. However, it appears that in the case of galvanic exchange studied here, surface reactivity 
can be manipulated to a much greater extent by means of passivating ligands as compared to 
handles such as nanoparticle size or shape. Nevertheless, we do not rule out that size may become 
a much more important factor in reaction kinetics at significantly smaller nanoparticles sizes (ca. 
few nm), outside the range studied here. 
3.4 CONCLUSION 
 Thus, we have shown that the ligand shell has much greater influence on the kinetics of 
galvanic exchange reactions than factors such as nanoparticle shape, size or internal defect 
structure. Essentially, the most effective strategy for altering the kinetics of the galvanic exchange 
reaction and product morphologies is through variation of the ligand coating. Longer chain ligands 
that are strongly bound to the nanoparticle surface, and/or form well-packed monolayers can act 
as energy barriers serving to protect the nanoparticle surface from surface reactions like 
electrochemical corrosion. Systematic understanding of the effect of ligand passivation on surface 
reactions and the ability to modify reactivity via photodeprotection has implications beyond 
76 
 
galvanic exchange. After all, heterogeneous catalysis and photocatalysis with colloidal 
nanoparticles are likely to involve effects analogous to those found in this work.  
3.5 METHODS 
 PELCO® Nanoexact 30, 40, and 50 nm Ag colloid was purchased from Ted Pella Inc. These 
nanoparticles have an average diameter of 25.51 +/- 6.28, 34.37 +/- 5.99 and 46.58 +/- 8.35 nm 
and are roughly spherical as found by transmission electron microscopy (TEM) shown in Figure 
3.19. These nanospheres were coated by Na3citrate molecules, and suspended in 2 mM trisodium 
citrate (Na3Citrate) buffer.  
 Ag nanoplates were synthesized according to a procedure developed in our laboratory. To 
a 20 mL scintillation vial containing 10 mL of deionized (DI) water (18.2 MΩ, Barnstead 
Nanopure), 25 μL of 100 mM AgNO3 (Amresco, 99.0%) and 25 μL of 100 mM trisodium citrate 
(Alfa Aesar, 99.0%) were added. This solution was heated to 95 oC, in air, with stirring. 100 μL of 
20 mM sodium borohydride (J.T. Baker, 98%) was rapidly injected. The solution immediately 
turned yellow and remained that color. If the reaction temperature was too low, agglomerated 
nanoparticles were formed, indicated by a solution color of brown or black. Heating was 
maintained for 1 min, and then the solution was allowed to cool to room temperature. After 30 
min, this solution of seed particles was stored in a refrigerator at 4 oC without purification. The 
seed solution stored in this manner is capable of being used for synthesis of high quality 
nanoparticles for at least 6 months.  
 In a 20-mL scintillation vial containing 10 mL of DI water (18.2 MΩ), 25 μL of 100 mM 
AgNO3 and 15 μL of 100 mM trisodium citrate were added. To this solution, 50-400 μL of the seed 
solution was added. Adding a smaller amount of seed solution resulted in larger nanoparticles, and 
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red shifted spectra. With stirring, under air at room temperature, 15 μL of 100 mM L-(+)-ascorbic 
acid (Alfa Aesar, 99%) was rapidly injected. The solution gradually changed color from faint 
yellow, to red, to purple, to blue. Following 30 min of stirring, the vial was removed and stored in 
the fridge. The solution was found to be stable over several months.  All experiments for the current 
investigation were done with nanoparticles made with 300 μL of the seed solution.  After 30 min 
of stirring, the nanoplates were centrifuged at 11,000 rpm for 10 min. The pellet was collected and 
resuspended in 10 mL of 2 mM Na3Citrate and stored wrapped in foil in a fridge prior to 
experiments. The sample was found to be crystalline nanoplates, with stacking faults perpendicular 
to flat face, ranging from hexagonal to prismatic in shape (Figure 3.19). The large flat face was 
found to comprise the (111) facet of Ag, with an average face diameter of 37.24 +/- 9.36 nm and a 
thickness of 5.25 +/- 0.78 nm. Au(III)Cl3 was purchased from Sigma Aldrich (99%) and used 
without further purification. Deionized water (18.2MΩ) from a Barnstead Nanopure water system 
was used. Transmission electron microscopy (TEM) was performed on a JEOL 2100 operating at 
200kV. 3-mercaptopropionic acid (3-MPA, 99%), 6-mercaptohexanoic acid (6-MHA, 90%), and 
11-mercaptoundecanoic acid (11-MUA, 99%) were all purchased from Sigma Aldrich. AgNO3 
was purchased from Amresco, (99.0%), Na3Citrate was purchased from Alfa Aesar, (99.0%), 
sodium borohydride from J.T. Baker, (98%), and L-(+)-ascorbic acid from Alfa Aesar, (99%). 
 All single-nanoparticle experiments were carried out in home-built flow cells amenable to 
dark-field scattering microscopy. Flow cells were prepared immediately prior to use. A hole was 
drilled in a glass slide (3 inch x 1 inch x 1 inch, VWR Vistavision) using a 1-mm diamond coated 
drill bit operating at ~20 kRPM under water. Using a 2.5-mm diamond coated drill at 20 kRPM, a 
second hole was drilled ~50 mm from the first hole to serve as an outlet. Slides were cleaned by 
immersion in 2M KOH for 30 min at ~85oC, thoroughly rinsed with deionized (DI) water, rinsed 
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with saturated NaHCO3, sonicated for 10 min in DI water, rinsed again thoroughly with DI water, 
sonicated in DI water for another 30 min, and then rinsed again with DI water, before blow drying 
with pressurized air. Coverslips (24 x 60 mm, No.1, VWR Superslip) were subjected to the same 
cleaning procedure. Nanoparticles were cast onto the cleaned coverslips immediately after drying. 
A drop (from a plastic pipette) of the undiluted Ag colloid solution was added to 2 drops of DI 
water in an Eppendorf tube and mixed. This solution was then drop cast onto the cleaned coverslip, 
and spread across the entire surface of the coverslip by tilting the coverslip. Since the coverslips 
are freshly cleaned, the solution wets the surface with ease. The excess liquid is wicked off using 
a paper towel, leaving a thin layer of liquid on the surface. This thin layer is then blown off with 
pressurized air. This is found to leave behind a uniform coating of particles, sufficiently dispersed 
to allow single-nano particle spectroscopy/microscopy. Polyethylene tubing (Instech Laboratories, 
.076 mm inner diameter) was inserted into the 1-mm drilled hole and glued into place with 5 
minute-epoxy (Loctite) and allowed to cure for 15 min. Double sided tape (3M) placed along each 
long-edge of the slide defined the height of the flow channel (tens of µm). Epoxy was applied 
around the interior edges of the tape to create a liquid-tight seal and the nanoparticle coated 
coverslip was placed on top of the tape and gently pushed down so that the epoxy spread evenly. 
The flow cell was then allowed to dry for 30 min before imaging experiments were performed. 
 Na3Citrate on the nanoparticle surface was exchanged by one of the thiols: 3-MPA, 6-
MHA, or 11-MUA in the following manner. After the epoxy had dried, the flow cells were purged 
with 2 mL of DI water, followed by 2 mL of EtOH. Following this, 2 mL of a 5 mM solution of 
the thiol in 50:50 mixtures of DI water and EtOH was flowed through the cell and allowed to sit 
for 15 min. Following this, the flow cell was purged with 3 mL of EtOH (to remove the excess 
ligand) and then 3 mL of DI water (to remove the ethanol). For experiments with Na3Citrate 
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covered nanoparticles, the flow cells were first purged with 2 mL of DI water, followed by purging 
with 5 mM Na3Citrate in DI water, allowed to sit for 15 min, then purged with 3 mL of DI water. 
From separate work in our laboratory,100 we know 15 min to be sufficient time for obtaining near 
saturation coverages of thiols on Ag nanoparticles.  
 Each day of the experiment, a 1 mM stock solution of Au(III)Cl3 was prepared in DI water. 
This solution was kept wrapped in foil, in the refrigerator between experiments. The concentration 
of Au(III)Cl3 was confirmed by taking UV-Vis spectra of these stock solutions. These stock 
solutions were then diluted to µM concentrations immediately prior to every experiment. The 
solutions were kept wrapped in foil. Following a purge of the flow cells with EtOH and DI water, 
a 3 mL plastic syringe containing a solution of freshly prepared Au(III)Cl3 was affixed into the 
inlet tubing of the flow cell. This was done in such a way as to leave a small bubble between the 
solvent filling the flow cell and the Au(III)Cl3 solution. The bubble prevented mixing of the 
Au(III)Cl3 solution and the solvent already present in the flow cell. Entry of this bubble into the 
flow cell was used to define t = 0 s. 
 In-situ microscopy was performed in two modes: imaging and spectroscopy. In-situ 
imaging was performed on an Olympus IX-71 microscope equipped with a Andor iXon DU897E 
back-viewed electron-multiplying charge-coupled device (CCD) camera. In-situ spectroscopy was 
performed on an Olympus IX-51 microscope equipped with an Acton SP 2300 spectrograph with 
a 300 blaze grating and a liquid nitrogen-cooled Princeton Instruments PyLoN CCD camera.  
 For both studies, Ag nanoparticles were immobilized on the flow cell surface and 
illuminated with a Olympus U-LH100-3 100W halogen lamp source focused through an Olympus 
U-DCW 1.2-1.4 NA oil immersion dark field condenser. Scattering from the sample was collected 
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by an Olympus UPlanApo 0.5-1.35 NA 100x oil immersion objective. It was ensured that 
individual nanoparticles were well separated from one other, such that they could be addressed 
individually, despite the diffraction-limited nature of the microscopy.  The flow cell was placed on 
top of the objective, with the coverslip facing down towards the objective. The objective height 
was set to focus on the plane of the immobilized nanoparticles, following which the condenser 
height was adjusted so as to also focus on the sample plane. Next, the objective iris was adjusted 
to maximize the signal-to-noise ratio of the dark-field scattering signal. An iris between the lamp 
source and the condenser was adjusted to illuminate an area somewhat larger than the field of view 
of the microscope eyepiece, which in turn is ~4x larger than the field of the CCD camera. The 
outlet of the flow cell was covered with a Kimwipe to absorb the outflowing liquid. The syringe 
containing the Au(III)Cl3 solution was placed on a KD Scientific syringe pump operating at a flow 
rate of 1.5 mL/hr. The point when the bubble entered the cell was set to t = 0 s.  
 Real-time intensity-only images were acquired for a wide-field of nanoparticles on the 
Andor Ixon+ EMCCD, with its acquisition time set to 0.5, 1, 1.5, or 2 s and gain set to zero. 
Experiments performed at the two highest powers (100 and 45.93%) on the 34 nm nanospheres 
utilized a 0.5 s acquisition time, the third highest power (17.78%) used a 1 s acquisition time, and 
the lowest power (12.11%) utilized a 2 s acquisition time. For experiments performed on 26 nm 
nanospheres, the acquisition time was set to 1.5 s with the lamp power set to a maximum, in order 
to account for the relatively lower scattering intensity of nanospheres of this size. For 47 nm 
nanospheres, the lamp power was set to 33.41% of the maximum fluency setting and a 0.5 s 
acquisition time was used. For experiments performed on nanoplates, the lamp power was set to a 
maximum and the acquisition time was 0.5 s.  
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 In another case (Figure 3.10), real-time spectral images were obtained for several single 
nanoparticles. The lamp intensity was set to a maximum and the acquisition time was set to 2 s. 
Individual nanoparticles were aligned within the slit of the spectrograph. Acquired spectra were 
corrected during collection in Winspec software by subtraction of dark count signal and division 
by the light source spectrum.  
 The time-stacked intensity images were processed using Image J. First, the images were 
corrected for stage drift using a manual image registration algorithm in Image J. Next, an area 
surrounding each individual nanoparticle, such that no interference from other nanoparticles was 
present, was marked. The intensity of this selected area was extracted using the Image J multi-
measure tool for the entire time stack. In this way, time-trajectories of intensity were obtained for 
several individual nanoparticles in each experiment. The single-nanoparticle intensity trajectories 
were fit to a sigmoid function of the Boltzmann form in Origin: 
𝑦 =
𝐴1 − 𝐴2
1 + 𝑒
(𝑡−𝑥𝑐)
𝜏
+ 𝐴2 
where fit parameter A1 is the intensity at the start of the trajectory and A2 is the intensity at the end 
of the trajectory. xc, the instant of time relative to the start of flow where the intensity crosses a 
half-way point between A1 and A2, defines the waiting time for an individual nanoparticle. The 
time constant τ, obtained from the fit, represents a characteristic time for an individual nanoparticle 
to undergo the abrupt conversion. The ensemble trajectory is obtained by averaging all single-
nanoparticle trajectories in a given experiment. 
 Time-stacked spectral images were also corrected for stage-drift in Image J and then 
converted into scattering spectra as a function of time for each individual nanoparticle in the 
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experiment. At each time point, the peak maximum of the scattering spectrum, λmax, was obtained 
by fitting the spectrum to a single Lorentzian function in Origin software. In a separate analysis, 
the integrated signal under the acquired raw spectrum (obtained by multiplying the corrected 
scattering spectrum by the lamp spectrum) was plotted as a function of time to generate time-
trajectories of intensity for single nanoparticles. The latter procedure was performed to check for 
correlation between spectral shifts that individual nanoparticles undergo during galvanic exchange 
with changes in the scattering intensity occurring during the process (Figure 3.10).  
 Histograms of waiting times were, in all cases, fit to Gaussian distributions (Figure 3.8). 
From this fit, the peak maximum was defined as the average waiting time, and the full-width-at-
half-maximum (FWHM) was used to define an ensemble reaction time constant, which is the 
inverse of the ensemble reaction rate constant. It is important to note that in generating the 
histograms, all of the fit values were not used. Several single-nanoparticle trajectories behave 
spuriously due to a variety of potential reason including drifting of a nanoparticle outside of the 
imaging area, a nanoparticle de-adhering from the surface, or scattering interference from bubbles 
in solution. It is cumbersome to manually identify and correct the trajectories suffering from such 
complications. Therefore, any trajectory that yielded large errors in either of the fit parameters (τ 
or waiting time) was excluded from the analysis, while ensuring that a sufficiently large number 
of trajectories are included in the analysis for sound statistics. 
 Single-nanoparticle τ distributions did not appear to be Gaussian in nature, and frequently 
showed tails towards longer waiting times. Therefore, a lognormal distribution was chosen to fit 
this data (Figure 3.8) and the peak of this distribution was used to obtain a peak τ.  
Concentration dependence of the FWHM was assumed to follow a power law of the form: 
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FWHM = 𝑎 (
𝑐
𝑐𝑙𝑖𝑔
)
𝑏
 (1) 
where c is the Au(III)Cl3 concentration, clig is a ligand length-dependent scaling factor, b is 
phenomenologically related to a reaction order, and 𝑎 is a proportionality factor of 1 M-b.s-1 for 
consistency of units. Log-log plots of FWHM vs. Au(III)Cl3 concentration, c for 3-MPA, 6-MHA, 
and 11-MUA cases were subject to a linear fit: 
log(𝐹𝑊𝐻𝑀) = 𝑏 ∗ log(𝑐𝑙𝑖𝑔) − 𝑏 ∗ log (𝑐)  (2) 
clig was obtained from the intercept of this straight line fit as 10intercept/b. b, which is the negative of 
the slope of the fit, was globally constrained to be the same for plots for all three ligand lengths. 
The latter is justified on the basis of our results of Figure 3.1, which show that the presence of the 
ligand does not change the nature of the rate-limiting step and therefore reaction order is likely to 
be unaltered. The fits obtained with b globally constrained are show in a linear-linear form by solid 
curves in Figure 3.3 and indicate a value of b = 1.62, which is within the range of values obtained 
from separate unconstrained fits for the three ligand coatings.  
 In these experiments, 34 nm Ag nanospheres suspended in DI water and 2 mM Na3Citrate 
were first subject to ligand exchange by adding 20 µL of 200 µM solutions of 3-MPA, 6-MHA, or 
11-MUA. Ligand exchange was confirmed by the red-shift of the plasmon band in UV-Vis 
absorption spectra. Following ligand exchange, the nanospheres were centrifuged at 10,000 rpm 
for 10 min and then resuspended in DI water. The Na3Citrate coated nanospheres were subject the 
same centrifugation procedure for removal of excess ligand. Next, the nanosphere solution, in each 
of the four cases (Na3Citrate, 3-MPA, 6-MHA, and 11-MUA), was titrated with a solution of 
Au(III)Cl3 in DI water. The degree of galvanic exchange of the Ag nanoparticles over the course 
84 
 
of the titration was followed by UV-Vis absorption spectrophotometry (Figure 3.17). At two points 
in the titration, samples, deemed intermediate and final (spectra shown by red and green curves 
respectively in Figure 3.17), were collected for TEM imaging and EDS analysis. Intermediate 
points correspond to 3, 20, 30, and 30 nmol of Au(III)Cl3 added, for Na3Citrate, 3-MPA, 6-MHA 
and 11-MUA respectively. Final points correspond to 20, 45, 55, and 100 nmol of Au(III)Cl3 added, 
for Na3Citrate, 3-MPA, 6-MHA and 11-MUA respectively. Intermediate points were found by 
adding Au(III)Cl3 in aliquots, with vigorous mixing followed by waiting for 1 hour before a UV-
Vis spectrum was acquired. Aliquot amounts were 5 nmol, except for the Na3Citrate case, where 
exchange was nearly complete after addition of 5 nmol, so smaller aliquots of 3 nmol were 
employed to make samples. The first point in the titration where a noticeable change was seen in 
the spectrum was termed the intermediate stage. The final sample in each titration was collected 
at the point where subsequent addition of Au(III)Cl3 produced no noticeable changes in the UV-
Vis spectrum. 
 Grids for TEM imaging were prepared by drop-casting 15 µL of the sample suspension 
onto an ultrathin carbon supported on Cu TEM grid (Ted Pella), followed by drying for 2 hours, 
washing with copious amounts of DI water and further dried in vacuum overnight. High-angle 
annular dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging, and 
energy dispersive X-ray spectroscopy (EDS) analysis of the prepared samples was performed on 
a JEOL-2010F instrument, operating at 200 keV and with a spot size of 0.3 nm. EDS spectra were 
recorded on an Oxford EDS detector. A time constant of 4 s and a total acquisition time of 40 s at 
a magnification of 30k was used for wide-field EDS spectra acquired in brightfield (Figure 3.4, 
bottom row). Elemental mapping was performed with a 0.3 nm spot size in STEM, a resolution of 
75x75 pixels, a dwell time of 2 ms per pixel, a time constant of 16 s, over 100 frames with drift 
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correction every 3 frames. Maps shown in Figure 3.5 and Figure 3.18 are overlays, which have 
been down-sampled by averaging over 4 pixels. Elemental quantification was performed in the 
IXRF Iridium Ultra software, using the integrated intensities of the Ag and Au La lines and the Cl 
K line in the EDS spectra.  
86 
 
3.6 FIGURES 
 
Figure 3.1. Kinetics of the galvanic exchange of Ag nanoparticles for different ligand coatings. 
Representative single-nanoparticle reaction trajectories (A,D,G), waiting-time distributions 
(B,E,H) and τ distributions (C,F,I) for 34 nm Ag nanospheres coated with 6-MHA (A, B, C), 3-
MPA (D, E, F), and Na3Citrate (G, H, I) undergoing galvanic replacement with Au(III)Cl3 in DI 
water. Entry of the Au(III)Cl3 solution into the flow cell occurred at t = 0 s. All experiments were 
performed with a Au(III)Cl3 concentration of 6 μM, a flow rate of 1.5 mL/hr, and 12.11% of 
maximum lamp power. The ensemble trajectory, generated by averaging all single-nanoparticle 
trajectories, is shown for each of the three ligand coatings (J). Average waiting time (K, black 
dots), FWHM of the waiting time distribution (K, red dots) and peak τ (L) are shown as a function 
of the type of ligand coating. Data from 138, 104 and 107 nanoparticles was used to generate the 
ensemble trajectory and distributions for the Na3Citrate, 3-MPA, and 6-MHA cases respectively. 
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Figure 3.2. Effect of light on kinetics of galvanic exchange of ligand-coated nanoparticles. For a 
range of lamp illumination powers, the waiting time distribution (left) and τ distribution (right) for 
34 nm Ag nanospheres coated with 3-MPA (A) and Na3Citrate (B) are shown. All experiments 
were performed at a Au(III)Cl3 concentration of 5 μM and a flow rate of 1.5mL/hr. The relative 
lamp power is shown as a % of the maximum. Relative ensemble reaction rate (C) and single-
nanoparticle peak τ (D) are shown as a function of lamp power (%) for 3-MPA and Na3Citrate 
coated nanoparticles. Relative ensemble rate is defined as the inverse of the FWHM of the waiting 
time distribution. Ensemble rates of the 3-MPA-coated nanoparticles show strong power 
dependence unlike Na3Citrate coated nanoparticles. Peak τ decreases with increasing lamp power 
for 3-MPA-coated nanoparticles. Note that the data point at the lowest power for the Na3Citrate 
functionalized particles is not shown since the acquisition time in this experiment (2 s) was too 
large to accurately determine τ. Power dependence of the kinetics for 6-MHA and 11-MUA coated 
nanoparticles is shown in Figure 3.12. 
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Figure 3.3. Effect of chain length of carboxylic acid thiols on kinetics of galvanic exchange. 
Relative ensemble rate (A) and single nanoparticle peak τ (C) as a function of Au(III)Cl3 
concentration for 34 nm Ag nanospheres coated with 3-MPA (blue), 6-MHA (red) and 11-MUA 
(black). All experiments were performed in DI water at a flow rate of 1.5 mL/hr and at 100% of 
maximum lamp power. In A, fits to rel. rate = a ∙ (c/clig)
b
are shown as solid lines, with a global 
R2 value of 0.86. Ensemble rate as a function of the scaled concentration c/clig is shown in 
combined manner for all three coatings in (B). clig and relative barrier height, ΔE, are shown in 
units of kT as a function of chain length in # of carbon atoms (D). The histograms used to generate 
data in this figure are shown in Figures S8-10.  
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Figure 3.4. Ligand coating on nanoparticle impacts the morphology of the final nanostructure. 
High-angle annular dark-field STEM images (top and middle rows) and wide-field EDS spectra 
(bottom row) of nanostructures obtained from galvanic exchange of 34 nm Ag nanoparticles coated 
with a shell of Na3Citrate (A,E,I), 3-MPA (B,F,J), 6-MHA (C,G,K) and 11-MUA (D,H,L) 
respectively. Galvanic exchange was performed on a bulk colloidal suspension of Ag nanospheres 
in a cuvette by titration against a Au(III)Cl3 solution. The extent of the exchange was monitored 
by UV-Vis spectrophotometry (Figure 3.17). HAADF-STEM images at intermediate conversion 
(top row) showed distribution of morphologies ranging from unexchanged to fully exchanged. 
EDS spectra of the fully exchanged samples (bottom row) show that the relative Au content in the 
final nanostructures depends on the ligand coating, with Ag/Au atomic ratios of 6.6, 3.6, 1.4, and 
1.7 for Na3Citrate, 3-MPA, 6-MHA, and 11-MUA coated nanoparticles respectively.  
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Figure 3.5. Short versus long ligand cases show remarkably different nanostructure morphology 
and composition profile. (A, D) HAADF-STEM images, (B,E) EDS maps, and (C,F) EDS spectra 
for a representative nanostructure at the intermediates stage of galvanic exchange of 34 nm Ag 
nanospheres coated with Na3Citrate (A,B,C) and 11-MUA (D,E,F). Au is shown in red, Ag in 
green, and Cl in blue, in maps and spectra. The representative nanostructures were selected from 
the same samples as those imaged in Figure 3.4 A and D, with corresponding UV-Vis spectra 
shown by red curves in Figure 3.17 A and D. In the Na3Citrate case, Au deposition appears to have 
taken place uniformly over the initial Ag nanoparticle template, whereas in the 11-MUA case, 
multiple deposited Au regions, completely segregated from the Ag nanoparticle, are seen. From 
EDS spectra, Ag/Au atomic ratios are found to be 99.9 and 18.6 for the Na3Citrate and 11-MUA 
case respectively.  
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Figure 3.6. Factors such as size, shape, or crystallinity do not show as strong an effect on reaction 
kinetics as the nature of the ligand coating. A) Relative ensemble rate (A) and peak single-
nanoparticle τ (B) as a function of Au(III)Cl3 concentration for Na3Citrate coated Ag nanospheres 
of 26, 34, and 47 nm diameters, as well as Ag nanoplates. All experiments were performed at a 
flow rate of 1.5 mL/hr and maximum lamp power, except for the 47 nm nanosphere sample, for 
which 66% of the maximum power was used.  
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Figure 3.7. Two examples of single-nanoparticle trajectories and sigmoidal fits from the 3-MPA 
case shown in Figure 3.1. The waiting time (xc) is obtained from the midpoint of the sigmoid, as 
indicated. The single-nanoparticle time constant (τ) corresponds to half the time it takes the 
trajectory to go from the maximum to minimum intensity. These experiments were performed at 
17.78% of the maximum power, 1.5 mL/hr flow rate, and a 6 µM concentration of Au(III)Cl3.  
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Figure 3.8. Examples of Gaussian fits to waiting time histograms (left) and lognormal fits to τ 
histograms (right) for the 6-MHA, 3-MPA and Na3Citrate (from top to bottom) cases shown in 
Figure 3.1. Adjusted R2 values of 0.845, 0.948, and 0.999 were obtained for Gaussian fits of 
waiting time histograms for 6-MHA, 3-MPA, and Na3Citrate respectively. Adjusted R
2 values of 
0.854, 0.830, and 0.987 were obtained for lognormal fits of τ histograms for 6-MHA, 3-MPA and 
Na3Citrate respectively. The latter shows the goodness of the chosen functions in representing the 
histograms.  
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Figure 3.9. Plots show the lack of position bias in waiting times of individual nanoparticles for 
the Na3Citrate, 3-MPA, and 6-MHA (from top to bottom) cases shown in Figure 3.1. For several 
nanoparticles in each experiment, the waiting time is plotted versus the location of the nanoparticle 
in the field of view, in the form of X and Y pixel positions.  
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Figure 3.10. From single-nanoparticle spectra acquired as a function of time we show that the 
decrease in scattering intensity resulting from galvanic exchange is correlated in time with the red-
shift in the plasmonic scattering spectrum. We show examples of such correlation for four 
individual Ag nanoparticles. These experiments were performed on 34 nm nanospheres coated 
with 3-MPA. We used a Au(III)Cl3 concentration of 2 μM, the maximum lamp power, and a flow 
rate of 1.5 mL/hr. Scattering spectra were obtained by dividing the as-acquired spectra by the lamp 
spectrum. The scattering spectrum at each time-point was fit to a single Lorentzian peak. The peak 
maximum, λmax, is plotted here as a function of time. Acquisition time for collection of spectra was 
set to 2 s.  
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Figure 3.11. Relative lamp power used in the dark-field scattering experiments was calibrated to 
the voltage setting on the lamp. For these experiments a wide-field of 59 large (0.5 -1 μm in 
diameter) polystyrene beads were imaged at a number of different voltage settings of the lamp. 
The scattering intensity was measured using the CCD, with the same integration time of 0.5 s at 
each voltage setting. The absolute scattering intensity varied from bead to bead. Therefore, a % 
scattering intensity was determined for each bead by normalizing the absolute intensity to the 
scattering intensity at the highest power. At each voltage setting, an average of the % scattering 
intensity was determined from all the beads. This average %scattering intensity obtained at each 
voltage setting represents the relative lamp power (%) achieved at that voltage.   
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Figure 3.12. Effect of lamp power on the reactivity of 6-MHA and 11-MUA coated 34 nm 
nanospheres. Specifically, the waiting time (left) and τ distributions (right) are shown at four 
different % lamp powers for 6-MHA (A) and 11-MUA (B) coated 34 nm nanospheres. 
Experiments with 6-MHA coeated nanospheres were performed with a Au(III)Cl3 concentration 
of 10 µM and a flow rate of 1.5 mL/hr. Acquisition times of 0.5, 0.5, 1 and 2 s were used for 100, 
45.93, 17.78 and 12.11 % lamp power, respectively. Experiments with 11-MUA nanospheres were 
performed at a Au(III)Cl3 concentration of 20 µM and a flow rate of 1.5 mL/hr. Acquisition times 
of 0.5, 0.5, 1 and 2 s were used for 100, 45.93, 17.78 and 12.11 % lamp power, respectively. For 
the lowest power, the τ values are likely underestimated due to the low acquisition time; however 
the waiting times, which range 10s of s, are less affected by the potential error introduced by the 
2 s integration time.   The ensemble rate, i.e., the inverse of the FWHM of the waiting time 
distribution, (C) and the peak τ is plotted as a function of % lamp power for both 6-MHA and 11-
MUA experiments.    
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Figure 3.13. (A) FWHM and (B) average waiting time increase with decreasing concentration of 
Au(III)Cl3 for  3-MPA (blue), 6-MHA (red) and 11-MUA (black) coated Ag nanospheres. All 
experiments were performed in DI water at a flow rate of 1.5 mL/hr and at the maximum lamp 
power. The average waiting time and FWHM were derived from a Gaussian fit of the waiting time 
distribution, as exemplified in Figure 3.8. We demonstrate that the average waiting time follows 
the same trend as a function of Au(III)Cl3 concentration as the FWHM. (C) We also show that 
there is strong correlation (Pearson’s r = 0.84) between the FWHM and the average waiting time 
values measured across all experiments.  
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Figure 3.14. Histograms of waiting times and τ values for the entire set of Au(III)Cl3 concentration 
dependence experiments performed on 34 nm Ag nanospheres coated with 3-MPA. Fits to these 
histograms were used to generate the data in Figure 3.3.   
100 
 
 
 
Figure 3.15. Histograms of waiting times and τ values for the entire set of Au(III)Cl3 concentration 
dependence experiments performed on 34 nm Ag nanospheres coated with 6-MHA. Fits to these 
histograms were used to generate the data in Figure 3.3.   
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Figure 3.16. Histograms of waiting times and τ values for the entire set of Au(III)Cl3 concentration 
dependence experiments performed on 34 nm Ag nanospheres coated with 11-MUA. Fits to these 
histograms were used to generate the data in Figure 3.3.   
102 
 
 
Figure 3.17. Ensemble, solution-phase galvanic exchange experiments for structural 
characterization. UV-Vis spectra of 34 nm Ag nanospheres coated with Na3Citrate (A), 3-MPA 
(B), 6-MHA (C) and 11-MUA (D) in their initial state (black curve), at an intermediate state of 
galvanic exchange with Au(III)Cl3 (red curve), and at the end of the titration with Au(III)Cl3 (green 
curve). A) Na3Citrate coated nanoparticles exposed to 0, 3, and 25 nmol of Au(III)Cl3 (black, red, 
and green respectively). B) 3-MPA coated particles exposed to 0, 20, and 45 nmol of Au(III)Cl3 
(black, red, and green respectively). C) 6-MHA coated nanoparticles exposed to 0, 30, and 55 nmol 
of Au(III)Cl3 (black, red, and green respectively). D) 11-MUA coated nanoparticles exposed to 0, 
30, and 100 nmol Au(III)Cl3 (black, red, and green respectively). The nanostructures in their final 
state were used to prepare samples for HAADF-STEM imaging and EDS analysis (Figures 4 and 
S12). Characterization of those in the intermediate state is shown in Figure 3.5.  
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Figure 3.18. (Top) HAADF-STEM images, (middle) elemental maps and (bottom) EDS spectra 
of Na3Citrate (A,E,I), 3-MPA (B,F,J), 6-MHA (C,G,K) and 11-MUA (D,H,L) coated nanoparticles 
following full exchange. Au is indicated by red, Ag in green, and Cl in blue. EDS spectra are 
averaged over the entire nanostructure. Weight ratios (%w/w) for Cl: Ag: Au respectively are 2.4: 
80.7: 16.8 (A), 4.5: 85.2: 10.3 (B), 5.3: 70.3: 24.4 (C), and 3.7: 80.6: 15.7 (D), however, the average 
weight ratios of the wide-field of the entire sample (Figure 3.4), seen to be 3.3: 75.6: 21.0 (A), 2.1: 
65.0: 32.9 (B), 3.2: 42.7: 54.1 (C), 2.8: 46.1: 51.0 (D) are likely to be more representative. On 
average, the nanostructures are found to contain quite substantial amounts of residual Ag, however 
the relative amount of Ag is lower for longer chain ligands. This trend could potentially result from 
the larger amounts of Au(III)Cl3 added to achieve full exchange in longer ligand samples (25, 45, 
55, and 100 nmol respectively for A, B, C, and D), but we ensured that the latter is not the case. 
Although the nanoparticle solution from the titration, containing added Au(III)Cl3, was cast 
directly onto the TEM grid, the grid was washed with copious amounts of DI water before TEM 
imaging and EDS mapping to remove excess Au(III)Cl3 and other salts.  
104 
 
 
 
Figure 3.19. High-resolution transmission electron microscopy (HRTEM) images of 26 nm 
nanospheres (A), 34 nm nanospheres (B), 47 nm nanospheres (C) and nanoplates (D). Insets of the 
higher-magnification images show fast-Fourier transforms (FFTs) of the images. Diffraction spots 
seen in the FFTs indicate that the nanopsheres are predominantly polycrystalline, except for some 
of the 26 nm nanopsheres, which are single-crystalline. On the other hand, the nanoplates are single 
crystalline, 5 nm thick on average, with their top flat surfaces comprised of the (111) facet of fcc 
Ag, and containing stacking faults perpendicular to their flat surface.   
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Figure 3.20. Histograms of waiting times and τ values for the entire set of Au(III)Cl3 concentration 
dependence experiments performed on Na3citrate-coated 26 nm nanospheres (A), 34 nm 
nanospheres (B), 47 nm nanospheres (C) and nanoplates (D). Fits to these histograms were used 
to generate the data shown in Figure 3.6. 
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Figure 3.21. (A) FWHM and (B) average waiting time increase with decreasing concentration of 
Au(III)Cl3, following a similar trend irrespective of nanoparticle size or shape. Average waiting 
times are shown as a function of Au(III)Cl3 concentration for Na3citrate-coated nanospheres of 
three different sizes and also Na3citrate-coated nanoplates. All experiments were performed in DI 
water at a flow rate of 1.5 mL/hr. The acquisition time was set to 0.5 s, except for the 26 nm 
nanosphere case, for which the acquisition time was set to 1.5 s. The lamp power was set to a 
maximum, except for the 47 nm nanosphere, for which it was set to 33.41% of maximum fluency. 
The average waiting time was derived from the peak of the Gaussian fit of the waiting time 
distribution, as exemplified in Figure 3.8. Thus, we demonstrate that the average waiting time 
follows the same trend as a function of Au(III)Cl3 concentration as the trend of the FWHM.  
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CHAPTER 4: KINETICS OF THE FORMATION OF A BIMETALLIC 
SILVER/PLATINUM NANOSTRUCTURE FROM SINGLE NANOPARTICLE 
OBSERVATIONS4 
4.1 INTRODUCTION  
 While transition metal nanoparticles have been quite popular in heterogeneous catalysis 
for decades, there is a growing interest in nanoparticles with a bimetallic composition. Bimetallic 
compositions often exhibit electronic properties unique from those of the component metals, either 
due to geometric strain or the so-called metal “ligand” environment effect resulting from the 
formation of heteroatom bonds.83,121 The perturbed electronic structure, often accompanied by a 
modified surface chemistry, influences surface-adsorbate interactions and thereby catalytic 
activity,122 stability, and selectivity. A classic example is that of a Ni monolayer on Pt(111), which 
has a d-band significantly narrower and higher in energy compared to the Ni-only surface, resulting 
in a stronger adsorption of H2.
123 In other cases, bimetallic compositions allow one to exploit the 
synergy between the two metals. For instance, in CO oxidation on Au/Ag alloy nanocatalysts, Au 
is thought to adsorb CO molecules while the neighboring Ag adsorbs reactive oxygen species.124 
Similarily Cu/Au alloy structures were also found to be highly active for CO oxidation at low 
temperatures.125  
 One can deduce from such examples in literature, that the electronic and catalytic 
properties of the bimetallic nanostructure are not determined by the molar composition alone, but 
by the specific atomic distribution of the two metals and bonding between their atoms.126 It is 
                                                          
4 This article has been submitted for publication. Indranath Chakraborty is a co(first)-author on this 
manuscript and took the data for figure 4.4, 4.5, S4.2, S4.3 and S4.4. Additionally he performed 
the ensemble treatment of the samples which were ultimately made into TEM samples for Chapter 
4. 
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therefore crucial to know whether the two metals being mixed to synthesize a bimetallic 
nanostructure form a homogeneous alloy, an intermetallic compound, or phase segregate from one 
another: the structural outcome and catalytic properties are expected to be different in each of these 
cases. Thermodynamic phase diagrams provide some guidance here, but often the structural 
outcome in nanostructure synthesis are dictated by kinetic pathways rather than by thermodynamic 
considerations. Therefore, we focus our attention on the study of the dynamics and kinetics of the 
formation of model bimetallic Ag/Pt and Ag/Au nanostructures.  
 Specifically, we examine galvanic exchange reactions of Ag nanoparticles with Pt4+ and 
Au3+ ionic salts. In this system, Pt4+ or Au3+ ions diffuse to the surface of the Ag nanoparticle, 
where they undergo reduction to a metallic state, with concomitant oxidation of Ag metal to Ag+, 
resulting in the formation of a bimetallic Ag/Pt or Ag/Au nanostructure.58,91,127,128 We find that the 
structural outcome of galvanic exchange is remarkably different for the two systems. While Au/Ag 
alloy nanocages with significant porosity are formed in one case, in the other, we obtain a structure 
consisting of phase segregated Ag domains and AgCl domains coated with small Pt nanoparticles. 
From ensemble-level kinetics measurements there is no apparent difference in the mechanism of 
how the each of the two ions react with Ag, but by studying the kinetics of the reaction on 
individual nanoparticles,16–18,23,105 we find that the dynamics of exchange with [PtCl6]
2- is 
dramatically different from that of exchange with [AuCl4]
-. In the Au3+ case, the galvanic exchange 
transformation of a nanoparticle is rather abrupt, limited only by the nucleation of a void on the 
surface of the Ag nanoparticle. On the other hand, in the Pt4+ case, the exchange transformation of 
the Ag nanoparticle is gradual and limited by reduction of the [PtCl6]
2- complex on the Ag surface 
and the concomitant formation and removal of AgCl. We also uncover that at late stages in the 
reaction, the buildup of strain between the unreacted Ag inclusions and the overcoated AgCl 
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induces a phase segregation of Ag from the AgCl. The observed dynamics of the reaction provides 
a clear rationale for the unexpected structural outcome in the Ag/Pt system. 
4.2 APPROACH 
 We monitored the galvanic exchange reaction on individual Ag nanospheres using in situ 
dark-field scattering spectroscopy (see detailed procedure in the SI). The nanospheres, 
immobilized within a microfluidic flow cell, were subject to either a K2Pt(IV)Cl4 or a Au(III)Cl3 
solution. The area-density of immobilized nanoparticles was maintained low enough such that, on 
average, individual nanoparticles were separated by distances greater than the diffraction limit, 
thereby enabling single nanoparticle resolution. Due to the strong localized surface plasmon 
resonance (LSPR) of the 46 nm Ag nanospheres, their scattering cross-section is large enough to 
allow single nanoparticle level sensitivity in dark-field scattering.28–30,32,70 Upon exposure to a 
sufficient concentration of metal salt, Ag from a nanosphere is oxidized into either Ag+ (in the case 
of Au3+) or AgCl (in the case of Pt4+), along with concomitant reductive deposition of the metal 
salt from solution.101 Unlike Ag, where inter-band transitions lie in the UV region, Au and Pt have 
strong d→sp transitions in the visible region of the electronic spectrum. As a result, the LSPR of 
the final nanostructure is damped relative to that of the starting Ag nanosphere.129 Therefore, in 
the course of galvanic exchange, there is a decrease in the LSPR scattering intensity, which can be 
monitored in real-time to generate a single nanoparticle trajectory of the exchange reaction. By 
fitting of single nanoparticle trajectories, we determined reaction kinetics for individual 
nanoparticles and evaluated the heterogeneity in nanoparticle-to-nanoparticle behavior, giving us 
insight into the nanoscale dynamics of the transformation. 
 To gain further insight, we followed in situ how the LSPR spectrum of individual 
nanoparticles evolved in the course of exchange. The LSPR spectrum is an excellent probe for  
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nanoscale processes occurring in the exchange, because of the high sensitivity of the spectrum to 
changes in size/shape of the nanostructure,130 changes in  composition via alloying/exchange,131 
changes in local refractive index resulting from deposition of species,132 and changes in the charge 
density of the metal due to cathodic/anodic polarization.133  
 We looked for spectral changes such as LSPR shifts, peak splitting, and peak suppression 
resulting from compositional/structural changes occurring over the course of the reaction. In the 
current system, multiple processes, including Pt deposition, oxidative loss of Ag, and formation 
and deposition of insoluble AgCl (4AgCl units are generated for every Pt atom deposited) were 
operative along with closely associated morphology and phase changes within the nanostructure. 
Alongside in situ spectral studies on single nanoparticles, we examined the morphology and 
composition of nanostructures formed at various stages of the exchange via ex situ transmission 
electron microscopy (TEM) of colloidal ensembles subject to the exchange reaction. Discrete 
dipole approximation (DDA) simulations of LSPR spectra, performed using the nanoDDSCAT 
tool on nanoHUB.org,134 allowed us to assign the spectral changes observed in situ to specific 
structural and composition processes found to be compatible with results from ex situ TEM 
imaging.  
4.3 RESULTS AND DISCUSSION 
 In a previous study, we had examined the single-nanoparticle kinetics and the final 
morphologies of Ag nanoparticles subject to galvanic exchange with a chloride salt of Au3+. Here 
we examine the exchange reaction of Ag nanoparticles with a chloride salt of Pt4+ and compare 
observed features to the Au3+ case, with the aim of developing physical principles for such 
exchange reactions. In bulk titration-type experiments, the UV-Vis spectrum of a Ag nanosphere 
colloid subject to the exchange reaction evolved in a similar manner in the Au3+ and Pt4+ cases: the 
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extinction band corresponding to the localized surface plasmon resonance band (LSPR) exhibited 
a red-shift and damping with increasing degree of exchange (see examples in Supporting 
Information). The final bimetallic nanoparticles, in both cases, have a weaker, redder LSPR band 
compared to the initial Ag nanoparticles. Thus, a priori, we did not expect to find any differences 
between the two reactions; nevertheless, as described below, there is a striking contrast in the 
nature of these two exchange processes, when we measured kinetics at the single-nanocrystal level. 
 Figure 4.1 compares trajectories of the exchange reaction of 46 nm Ag nanoparticles with 
Pt4+ (A, C) versus that with Au3+. There is little difference in the qualitative nature of the ensemble-
averaged kinetics (Figure 4.1 A, B), with the reaction progressing gradually until saturation. 
However, the true heterogeneity-free dynamics observed from single-nanoparticle trajectories tell 
a very different story. In the Au3+ case, each nanoparticle appears from its trajectory to “wait” for 
a stochastic period of time before undergoing a rather abrupt transformation to the final bimetallic 
Ag/Au nanostructure, identified by its significantly reduced LSPR scattering intensity. The onset 
time of this abrupt transformation varies from one nanoparticle to another, resulting in the 
appearance of gradual reaction progress at the ensemble level. We had previously uncovered the 
mechanistic origin of such behavior. The galvanic exchange transformation of Ag nanoparticles is 
limited by the nucleation of a void on the surface of the nanoparticle by dissolution of several Ag 
atoms in early exchange steps between Ag0 and Au3+. Once such a critical-sized void forms 
stochastically, the galvanic exchange of Ag0 with Au3+ becomes spontaneous.19 Such voids grow 
via coalescence of individual lattice vacancies.135 Further exchange events are initiated from the 
nucleated void, progressing rapidly in a cascade-like manner throughout the nanoparticle, 
potentially limited only by inward (outward) mass transport of Au3+ (Ag+) to the inner surfaces of 
the growing voids. The speed of this abrupt solid-state transformation is reflected in the time 
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constant of the abrupt step in the trajectory. When the Au3+ concentration is increased, the time 
constant, τ, for individual nanoparticle transformation does not change significantly, however, the 
dispersion in onset times for individual nanoparticles decreases, resulting in an apparent increase 
in the ensemble-averaged rate.             
 In the Pt4+ case, the single-nanoparticle trajectories are quite similar to one another and 
therefore to the ensemble trajectory (see Figure 4.1 A, C). Each individual nanoparticle appears to 
undergo gradual conversion to the final Ag/Pt containing nanostructure with no abrupt step and 
the onset of the conversion is similar for all nanoparticles. The rate of transformation of an 
individual nanoparticle is two orders-of-magnitude lower in the Pt4+ case as compared to abrupt 
transformations in the Au3+ case, despite the two orders-of-magnitude higher concentration of the 
Pt4+ salt. Even when the concentration of the Pt4+ salt is increased ten-fold (Figure 4.1 E), the 
dynamics remains unaltered with no abrupt step in individual nanoparticle trajectories. The rate of 
reaction, at the single-nanoparticle and the ensemble level increase as expected, but the similarity 
of all single-nanoparticle trajectories and the ensemble is maintained. 
 From the above comparison, we inferred that, unlike the Au3+ case, the galvanic exchange 
of Ag with Pt4+ does not involve a critical rate-limiting nucleation-like step. There is no abrupt 
burst of elementary exchange steps between Ag0 and Pt4+; rather there is a continuous sequence of 
such elementary exchange steps taking place all throughout the reaction trajectory. Further support 
of this inference is obtained from a measurement of the reaction order (Figure 4.2). The rate of the 
Pt4+ reaction, estimated from the ensemble, varies near-linearly with [PtCl6]
2- concentration, which 
is quite unlike the dramatically super-linear behavior, reminiscent of reactions driven by super-
saturation, seen in the Au3+ case.19 Such super-saturation of Au3+ is required for the surface-
energy-limited nucleation of a defect void larger than some critical size. On the other hand, in the 
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Pt4+ case, the first-order reaction in [PtCl6]
2- indicates that the rate is limited by the reductive 
breakdown of the [PtCl6]
2- complex rather than the dissolution of Ag from the solid-state. 
 In order to explain the marked difference in dynamics and kinetics with the two ions, we 
examined differences in the two reaction couples and their half-cell potentials (under standard 
conditions, namely, 298.15 K, 101.325 kPa and activity of 1 mol/L):136,137 
[AuCl4]
- + 3e-  Au(s) + 4Cl-   +0.93 V     (I) 
 [PtCl6]
2- + 2e-  [PtCl4]2- + 2Cl-  +0.73 V      (II) 
   [PtCl4]
2- + 2e-  Pt(s) + 4Cl-                                     +0.76 V      (III) 
Thus it is immediately clear that achieving similar rates using [PtCl6]
2- requires >100 times higher 
concentrations of the reactant to achieve similar rates as AuCl3. This is borne out in the results of 
Fig. 1 and Fig. 2, as we are operating the reaction in the 100s of µM concentration regime and 
achieving similar rates as we observed in the 1s of µM concentration regime using AuCl3. This 
also means that the Cl- counter-ion concentration is 100s of times greater in this case relative to 
Au3+ exchange. Given the limited solubility of AgCl is water it possible that AgCl removal is a 
non-trivial component of the overall reaction sequence in this case, unlike in Au3+ exchange. 
 We were able to confirm the preponderance of AgCl formation from ex situ TEM imaging 
and elemental analysis of an Ag nanoparticle colloid subject to exchange with [PtCl6]
2-. Extent of 
the reaction was judged by following the ensemble extinction spectrum of the nanoparticles as 
they were titrated with K2PtCl6 (Figure 4.10). As seen from the energy dispersive spectroscopy 
results in Figure 4.3, it was seen that with increasing degree of exchange, there is an increase in 
the content of Pt relative to Ag in the nanostructure (Figure 4.3 D, H, L, P). Pt has a much stronger 
contrast than Ag but regions of deposited Pt are too small in size to be resolved in these images or 
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in electron diffraction patterns (Figure 4.3 G, K, O), however they can be seen in HRTEM images 
of highly exchanged sample (Figure 4.13). In addition to Pt, Cl was also found in the exchanged 
nanostructures with the relative content of Cl increasing with increasing degree of exchange 
(Figure 4.3 D, H, L, P). The regions of lower contrast in the associated STEM images correspond 
to AgCl, as seen from the presence of AgCl crystallographic reflections present in the electron 
diffraction patterns, in particular in the final product of the exchange (Figure 4.3 O) and HRTEM 
images of intermediate stages of exchange (Figure 4.13). AgCl is quite insoluble in water and an 
insulator: an ideal blocking layer, leading to major implications for the dynamics of the reaction, 
as described later. [AuCl4]
-, on the other hand can readily oxidize Ag directly to water soluble Ag+ 
and AgCl formation does not dominate the exchange process, as seen in our past work.19  
 The TEM imaging also provides insight into the structural changes occurring over the 
course of exchange. The nanoparticles begin (Figure 4.3 A-D) with relatively uniform shape 
(spherical) and size (46 +/- 8 nm). Initially, exchange results in pitting of the Ag nanoparticles 
(Figure 4.3 E, F), with pits being partially or completely filled with AgCl (Figure 4.3 H). Pt 
regions, as described before, are present but too small in size to be resolved. Further exchange 
results in expansion of existing pits and associated AgCl regions, and formation of new ones 
(Figure 4.3 I, J), with increasing Pt and Cl content (Figure 4.3 L). At the end of the exchange 
titration, a large fraction of the nanoparticles (61%, Table 4.1) are composed predominantly of 
AgCl, with small Pt nanoparticles deposited uniformly on the surface. A significant fraction (39%, 
Table 4.1) of these AgCl/Pt nanostructures present sizable (>10 nm) Ag domains, identified from 
their higher contrast, at or near their surfaces (Figure 4.3 M, N). This is a rather peculiar 
observation, since the galvanic exchange reaction is expected to proceed from the outer surface to 
the interior.  
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 We turned again to in situ single-nanoparticle spectroscopy to determine the dynamic 
sequence of events that result in the massive structural changes observed in the ex situ studies. 
Intensity-only trajectories, presented earlier, take advantage of the different scattering cross-
sections of the end members of the exchange reaction. But such intensity-based trajectories contain 
little chemical/structural information. So, we followed the time-evolution of the LSPR spectrum 
in situ for individual nanoparticles undergoing exchange with Pt4+.  In these spectral studies, where 
tens of individual nanoparticles were investigated, nanoparticle-to-nanoparticle heterogeneities 
were observed. For every nanoparticle studied, the LSPR spectrum undergoes a red-shift at early 
times. This red-shift has two potential origins, as will be confirmed later with simulations. First, 
the increased refractive index138 of AgCl (2.06) relative to the surrounding solution (1.33) leads to 
an increase in the net dielectric constant of surrounding environment of the Ag nanoparticle, 
leading to a decrease in the LSPR frequency. Secondly, pitting of the nanostructure due to the 
removal of Ag leads to an increase in the “roughness” of the Ag nanoparticle surface (in interfacial 
contact with water, AgCl, Pt), leading to an LSPR red-shift. Later, in the reaction, nanoparticles 
begin to diverge from one another in terms of their spectral response. In particular, three different 
classes of behavior are seen (Figure 4.4, Figure 4.8 and S3). Statistics for prevalence of these 
behaviors is summarized in Table 4.1. Spectra of several nanoparticles (class 1) simply continue 
to red-shift with time (Figure 4.4 B, F, Figure 4.9 labeled R). However, a fraction of nanoparticles 
(class 2, ~44% of cases) display peak-splitting, the degree of which gradually increases along the 
reaction trajectory (Figure 4.4 A, E, Figure 4.9 labeled RS). Presence of split peaks does not always 
persist throughout the trajectory. In some cases, the split peaks revert back to a single, red-shifted 
peak at later times. A fraction of the nanoparticles (class 3, ~33%), after having proceeded through 
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a stage of considerable LSPR red-shift, with or without peak-splitting, begin to show a blue-shift 
(Figure 4.4 C, D, G, H, Figure 4.9 labeled RB) at very late stages in the reaction. 
 The cause of the spectral splitting (class II behavior) was determined using stopped-flow 
experiments on single nanoparticles. From the measured output polarization dependence of the 
LSPR scattering spectrum at four stages of the exchange reaction (Figure 4.5i), we found that the 
LSPR spectral splitting is caused by an increase in the polarization anisotropy of the nanostructure 
over the course of the exchange. The initial nanospheres are largely isotropic, as a result of which 
they exhibit a mostly single-peaked spectrum (Figure 4.5 I A). But after a small degree of 
exchange, the spectrum of an individual nanoparticle splits into two modes, which correspond to 
two orthogonal modes of polarization.  
 What causes the development of such anisotropy? Taking a cue from the morphology of 
partially exchanged nanostructures seen in TEM images (Figure 4.3 E, F), we infer that the 
anisotropy originates from the non-isotropic nature of the pitting process. In a number of cases, 
pitting and associated AgCl formation appears to initiate at specific facets on the initially quasi-
spherical Ag nanosphere. These pits then grow in a localized manner, leading to anisotropic 
structures. We simulated using DDA such localized pitting and AgCl conversion on an initially 
spherical Ag nanoparticle (Figure 4.6 A). Figure 4.6 B and C show the effect of pitting the sphere 
along one axis and then filling the pits with AgCl. As expected, the simulated LSPR scattering 
spectrum is significantly red-shifted from the spectrum of the initial Ag sphere alone (Figure 4.6 
A). Moreover, the LSPR spectrum is strongly polarization dependent (gold and purple curves in 
Figure 4.6 B). In analogy with anisotropic ellipsoidal/rod-like nanostructures,139 for the light 
polarized perpendicular to the pitting axis, the pitted nanostructure displays an LSPR mode that is 
significantly red shifted compared to the LSPR mode polarized along the pitting axis. Thus, the 
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simulations capture the observed polarization dependence (Figure 4.5i). When the etched pits and 
associated AgCl domains are made larger (Figure 4.6 C), the degree of splitting increases, thereby 
capturing the progression of pitting being probed in in situ experiments (Figure 4.3). In the 
simulated spectrum in Figure 4.6 C, the lower energy mode is as much as 80 nm red-shifted from 
the higher energy mode, similar to the observed degree of splitting on a representative single 
nanoparticle (Figure 4.3 E). 
 Additional simulations (Figure 4.6 D) show that further pitting in additional locations along 
the axis perpendicular to the initial pitting axis, removes the anisotropy. Peak splitting is no longer 
present, but the single LSPR band of the nanostructure is significantly red-shifted compared to the 
initial nanosphere LSPR. The ca. 100 nm simulated red-shift is consistent with the observed 
magnitude of spectral shifts in in situ experiments. Thus, the simulated result in Figure 4.6 D also 
explains that for a large fraction of nanoparticles where no splitting is seen (class I) and for a few 
where initial splitting is reversed, multiple pits are formed at random locations on the nanoparticle 
surface. The resulting pitted nanostructure has little anisotropy, in which case no LSPR splitting 
is seen, but only large LSPR red-shifts result from pitting. Alternatively, it is possible that the 
pitted nanostructure, despite being anisotropic, has its pitting axis perpendicular to the plane of 
observation (for example if the simulated structures in Figure 4.6 B, C were rotated such that the 
pitting axis pointed into the page), in which case no spectral splitting would be observed.  
 Next, we investigated the origin of the late-stage blue-shift observed for a third of the 
nanostructures (class III). It must me noted that despite our initial expectations, the blue shift was 
not found to be a result of some loss of anisotropy at later stages, such as would arise from etching 
additional pits in an initially anisotropically pitted nanoparticle. We learned this from simulations 
shown in Figure 4.6 C and D. As one goes from the anisotropic structure in Figure 4.6 C to the 
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more pitted but isotropic structure in Figure 4.6 D, the simulated spectrum is even further red-
shifted. This is because the net refractive index increase resulting from AgCl formation is 
significantly more dominant an effect than the anisotropy loss. Secondly, we conjectured that the 
blue-shift may result from Pt deposition, since Pt has a smaller value of the real part of the 
dielectric function than Ag at visible frequencies. However, further simulations in Figure 4.12 C 
rule out this possibility. Even for a simulated structure with Pt deposition significantly over-
exaggerated compared to Pt in the actual nanostructures, the overall blue-shift is significantly 
smaller in magnitude than the average blue-shift of 15 nm (Table 4.2) observed at late stages in 
the in situ experiment. Once again, an examination of the final morphology of the nanostructure 
provided a clue into the origin of the blue-shift. Almost a third of the nanostructures consisted of 
Ag domains (10-20 nm in size) that had phase segregated from the overcoated AgCl matrix. Two 
examples are shown in Figure 4.5 ii. Using these morphologies as representative, we simulated the 
spectrum of a structure consisting of three spherical Ag domains located on the surface of an AgCl 
particle (Figure 4.6 E). The calculated scattering spectrum is shifted as much as 50 nm to the blue, 
relative to spectrum of the most pitted nanostructure. This simulated blue-shift is close in 
magnitude to the maximum blue-shift of 58 nm (Table 4.2) observed in in situ experiments. The 
blue-shift occurs because the migration of the Ag domain/s from the interior of the overcoated 
AgCl matrix to the surface results in the reduction in the effective refractive index experienced by 
the Ag domain, which after all is the source of the plasmon scattering. Thus, the spectral blue-shift 
observed in situ is a result of the phase segregation of Ag from AgCl seen at the late stages of the 
reaction. The fraction of cases in which a late-stage blue-shift is seen (33%) is similar to the 
fraction of nanostructures that exhibit phase-segregated Ag domains in TEM images (39%). 
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 From the above-presented combination of in situ single-nanoparticle spectroscopy, ex situ 
TEM imaging, and DDA simulations on model morphologies observed in TEM, we delineate in 
Figure 4.6 I, the dynamic sequence of structural processes occurring in the galvanic exchange of 
Ag nanoparticles (A) with Pt4+. These include pitting accompanied by AgCl formation (B), pit and 
AgCl domain expansion (C), additional pitting, (D) and Ag phase segregation (E). Pt deposition 
accompanies steps A-D. As seen from the first-order kinetics in K2PtCl6, the rate of the galvanic 
exchange transformation of the nanoparticle is limited by the elementary step (Eq. VI) involving 
the reductive breakdown of [PtCl6]
2- to form small sub-nm Pt islands and the simultaneous 
conversion of Ag to AgCl. The loss of Ag and growth of AgCl appears to be localized to already 
pitted regions (Figure 4.3 E, F, Figure 4.5 i). We believe this is due to the large lattice mismatch 
of ~36% between Ag (4.0862 Å) and AgCl (5.554 Å). The consequent strain between Ag and AgCl 
is minimized by growth of existing AgCl domains (Figure 4.6 C), which serves to reduce the 
interfacial area per unit volume between the two materials. It is possible that at an advanced stage, 
the formed AgCl, being an insulator, disrupts electrochemical contact between the Ag surface and 
the [PtCl6]
2- solution at the already reacted regions, leading to initiation of Ag pitting and Pt 
deposition in new locations (Figure 4.6 D). The AgCl domains formed in these locations grow 
further, until the entire nanostructure is coated by AgCl disrupting any contact between the solution 
and the Ag inclusion. At this stage (Figure 4.6 E), the Ag, which is under considerable lattice strain 
from the overcoated AgCl, spontaneously phase segregates to the surface, where it forms one or 
more domains. For such a major reorganization to occur at room temperature, the Ag phase would 
be required to be considerably mobile. Recently Li et al. found unconventional deformation 
behavior termed ‘Coble pseudoelasticity’ of Ag nanoparticles in the ~ 10 nm regime.140 In this size 
regime, Ag nanoparticles display liquid-like behaviors, completely deforming via a surface 
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diffusion mechanism under the influence of weak Van Der Waals forces upon being brought near 
to a substrate. Such an effect may be at play in our case. In instances, where no separate Ag 
domains are seen to have formed in TEM, it is possible that the segregated Ag domains have 
reacted further with Pt4+.  
4.4 CONCLUSIONS 
 In summary, we have shown that electrochemical potentials of the exchange couple and 
kinetic considerations play an important role in the structural outcome of galvanic reactions of Ag 
nanoparticles. Galvanic exchange of Ag with a chloride salt of Pt4+ results in complex multidomain 
Ag/AgCl/Pt structures. The results are in sharp contrast to the similar exchange reaction between 
Ag and a chloride salt of Au3+, wherein porous Ag/Au alloy nanocages are formed. Using in situ 
single-nanoparticle spectroscopy combined with ex situ TEM studies, we determine the precise 
dynamics of the exchange reactions, which are otherwise hidden in ensemble-level studies. Unlike 
the Au3+ case, where the nucleation of a void is the critical step in the galvanic transformation of 
an Ag nanoparticle, in the Pt4+ case, a wealth of structural processes occur in the course of 
exchange alongside Pt deposition. These processes include localized pitting of Ag to form AgCl, 
AgCl domain growth, electrochemical insulation of Ag from the solution by deposited AgCl, and 
strain-induced phase segregation of Ag domains from the formed AgCl. The insights into the 
complex dynamics of a seemingly simple exchange reaction developed here has utility for the 
understanding and control of synthetic outcomes of preparations for bifunctional Pt-containing 
nanocatalysts and the corrosion and structural re-organization of such catalysts in reactive 
solutions.141  
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4.5 METHODS 
 PELCO® Nanoexact 50 nm Ag colloid was purchased from Ted Pella Inc. (item # 84050-
50). These nanoparticles were citrate protected and had an average diameter of 47 +/- 8 nm, as 
confirmed by TEM analysis. Potassium hexachloroplatinate (IV) (K2PtCl6, 98%) was purchased 
from Sigma Aldrich and used without further purification. Potassium hydroxide (KOH, AR grade) 
and sodium bicarbonate (NaHCO3, AR grade) were purchased from Fisher Scientific. Deionized 
water (18.3MΩ) from a Barnstead Nanopure water system was used for the experiments.  
 All single-nanoparticle experiments were carried out in home-built flow cells amenable to 
dark-field scattering microscopy. Flow cells were prepared immediately prior to use. A hole was 
drilled in a glass slide (3 inch x 1 inch x 1 inch, VWR Vistavision) using a 1-mm diamond coated 
drill bit operating at ~20 kRPM under water. Using a 2.5-mm diamond coated drill at 20 kRPM, a 
second hole was drilled ~50 mm from the first hole to serve as an outlet. Slides were cleaned by 
immersion in 2M KOH for 30 min at ~85oC, thoroughly rinsed with deionized (DI) water, rinsed 
with saturated NaHCO3, sonicated for 10 min in DI water, rinsed again thoroughly with DI water, 
sonicated in DI water for another 30 min, and then rinsed again with DI water, before blow drying 
with pressurized air. Coverslips (24 x 60 mm, No. 1, VWR Superslip) were subjected to the same 
cleaning procedure. Nanoparticles were cast onto the cleaned coverslips immediately after drying. 
A drop (from a plastic pipette) of the undiluted Ag colloid (2.90 x 1010 nanoparticles/mL) was 
added to one drop of DI water in an Eppendorf tube and mixed. This solution was then drop cast 
onto the cleaned coverslip, and spread across the entire surface of the coverslip by tilting the 
coverslip. Since the coverslips were freshly cleaned, the solution wetted the surface with ease. The 
excess liquid was wicked off using a paper towel, leaving a thin layer of liquid on the surface. This 
thin layer was then blown off with pressurized air. This procedure was found to leave behind a 
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uniform coating of nanoparticles, sufficiently dispersed to allow single-nano nanoparticle 
spectroscopy/microscopy. Polyethylene tubing (Instech Laboratories, 0.076 mm inner diameter) 
was inserted into the 1-mm drilled hole and glued into place with 5 minute-epoxy (Loctite), which 
was allowed to cure for 15 min. Double sided tape (3M) placed along each long-edge of the slide 
defined the height of the flow channel (tens of µm). Epoxy was applied around the interior edges 
of the tape to create a liquid-tight seal and the nanoparticle coated coverslip was placed on top of 
the tape and gently pushed down so that the epoxy spread evenly. The flow cell was then allowed 
to dry for 30 min before imaging experiments were performed. 
 Video microscopy was performed on an Olympus IX-71 equipped with a Andor iXon 
DU897E back-viewed EMCCD (for intensity imaging) or an Olympus IX-51 equipped with a 
Princeton Instruments PyLoN 7570-0003 CCD (for spectrally resolved imaging). For dark-field 
scattering microscopy of the Ag nanoparticles immobilized on the flow cell surface were 
illuminated using an Olympus U-LH100-3 100W halogen lamp source focused through an 
Olympus U-DCW 1.2-1.4 NA oil immersion dark field condenser. Scattered light was collected by 
an Olympus UPlanApo 0.5-1.35 NA 100x oil immersion objective. It was ensured that individual 
nanoparticles were well separated from one other, such that they could be addressed individually, 
despite the diffraction-limited nature of the microscopy.  
 For performing microscopy, the flow cell was placed on top of the objective, with the 
coverslip facing down towards the objective. Focusing was done in a similar manner for all 
experiments. A gratuitous amount of oil was placed on the objective and on top surface of the glass 
slide that faces the condenser. An aperture placed in between the source and the condenser was 
completely opened. The condenser was lowered until it was immersed in the oil, then the objective 
was focused with its smallest NA setting to the plane of the nanoparticles on the coverslip, after 
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which the objective was locked. Next, the aperture size was reduced to its smallest setting. At this 
point, one can see the image of the aperture. The height of the condenser was adjusted to maximize 
the signal-to-background ratio. The aperture size was then set to encompass the entire viewing 
area. The objective NA was selected on the basis on highest signal-to-noise in the following 
manner: as the objective iris was opened, a bright ring around the outside of the viewing area 
became visible. The objective iris was set to make this bright ring just disappear. DI water was 
then injected into the cell with a plastic syringe. The syringe was then attached to a KD Scientific 
syringe pump. The outlet of the flow cell was covered with a Kimwipe to absorb the outgoing 
fluid. Once the cell had been flushed with DI water, a septum was placed over the outlet to seal 
the cell and then the syringe was replaced with another containing a solution of K2PtCl6.  This was 
done in such a way as to leave a ~1 mm bubble in the tubing at the inlet of the flow cell. This 
bubble prevented  mixing of the DI water and K2PtCl6 solution before the entry of the K2PtCl6 
solution into the flow channel. The point when the bubble entered the cell was set as the start (t = 
0) of all collected reaction trajectories. All flow experiments were performed with the syringe 
pump operating at a flow rate of 1.5 mL/hr. Au(III)Cl3 galvanic exchange experiments were 
performed in an identical matter, as reported in a prior publication, and are reproduced here with 
permission.100 
 Two different modes of acquiring videos are utilized. In one case, intensity-only videos 
were acquired for a wide-field of nanoparticles, using an Andor Ixon+ EMCCD, with its 
acquisition time set to 0.5 s and gain set to 0. The lamp intensity was reduced to ~33% of its 
maximum fluence.  
 In another case, spectral videos were obtained for several single nanoparticles using a 
Princeton Instruments Acton SP 2300 spectrograph with a 300 blaze grating and a PyLoN CCD. 
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The lamp intensity was set to maximum and the acquisition time was set to 5 s. Individual 
nanoparticles were aligned with the slit of the spectrograph. Scattering spectra were obtained from 
acquired spectra by dark count subtraction and division by the light source spectrum, performed 
in Winspec software.  
 For this experiment, the flow cell was prepared in the same manner as described above. A 
linear polarizer (Thor Labs part # LPVISE100-A) was placed in between the objective lens and 
the detector, so as to polarize the scattering signal from the sample. A stop-flow method was 
followed for the galvanic exchange reactions. Before injection of the K2PtCl6 solution injection, 
scattering spectra of a single nanoparticle were collected with the polarizer angle varied over a 315 
o range in intervals of 45o. Then K2PtCl6 was injected and reaction was monitored via spectra 
collected using the Princeton Instruments Acton SP 2300 spectrograph. At three different time 
intervals, the Pt(IV) solution flow was stopped and immediately the flow cell was purged with DI 
water. At each of these time intervals, spectra were collected at the aforementioned polarization 
angles. The polarizer angle setting that yielded the highest intensity spectrum was considered as 
0o. Spectra at 0o and 90o angles were plotted for the different time intervals. 
 The time-stacked intensity images were processed using Image J. This data is presented in 
the form of videos for the experiments from the highest and lowest K2PtCl6 concentrations 
(Supporting Information Movies S1 and S2). First, the images were opened in Image J and 
corrected for stage drift using a manual image registration algorithm. Next, an area surrounding 
each individual nanoparticle, such that no interference from other nanoparticles was present, was 
marked. The intensity of this selected area was extracted for the entire time stack using the Image 
J multi-measure tool. In this way, time-trajectories of intensity were obtained for several individual 
nanoparticles in each experiment. All intensity trajectories were then normalized from 0 to 1. Then 
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the onset of exchange was identified via manual inspection of normalized trajectories. All 
normalized single-nanoparticle trajectories were fit to an exponential function of the form: 
𝑦 = 𝑦0 + 𝐴𝑒−𝑅∗𝑡     (I) 
where y is a proxy for the extent of reaction. From these fits, the reaction rate R was obtained for 
each nanoparticle. This rate data is plotted in Figure 4.2 b. Note that the single nanoparticle 
trajectories may not be purely mono-exponential in nature. In fact, some of the single-nanoparticle 
trajectories appear to be more biexponential in their nature, implying that the kinetics is dictated 
by more than one of the elementary processes described in our model. Nevertheless, the 
monoexponential form of the fit provides a phenomenological measure of the reaction rate for 
comparison between individual nanoparticles.  
 In addition to the determination of reaction rates, ensemble trajectories (Figure 4.7) were 
generated by averaging all normalized single nanoparticle trajectories in an experiment.  The 
ensemble trajectories were subject to a similar fit as described by eq. I and ensemble reaction rates 
were determined. This rate data is shown in Figure 4.2 a, and also as the purple line in Figure 4.2 
b with one difference: Figure 4.2 a show data from the two sets of trials at each concentration, 
whereas the rate indicated in Figure 4.2 b is an average from the two trials performed at each 
concentration.  
 From the acquired time-stacked spectral data, we extracted scattering spectra as a function 
of time using Image J. Spectra of individual nanoparticles were obtained by selecting a square 
region of interest of 9 pixels around each nanoparticle. These time-series of spectra are plotted as 
contour plots in Figure 4.9 and for select representative cases in Figure 4.4 (top row). For the select 
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cases shown in Figure 4.4, slices from the contour plots at particular time points were extracted, 
normalized by dividing by the peak scattering intensity, and plotted (Figure 4.4, bottom row).  
Samples at four stages of exchange were prepared for high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) and energy dispersive spectroscopy (EDS) 
analysis (Figure 4.3, 4.5ii, and S4.6) via an ensemble titration performed in solution. UV-Vis 
spectra were collected in the course of the titration on a Shimadzu UV-3600 spectrophotometer 
with 1-nm wavelength resolution and fast scan speed. Spectra of the four samples subject to ex-
situ TEM characterization are shown in Figure 4.11 B. The black curve shows the spectrum of the 
46 nm Ag NP colloid before the titration. To this colloid, 10 µL of 500 µM Pt4+ solution was added 
and the mixture was allowed to stand until the spectrum showed no further change indicating that 
the reaction with the added amount of Pt4+ had completed. 10 µL of the sample at this stage, marked 
as sample 2, was drop-casted onto a TEM grid. Five successive additions of 10 μL 1 mM Pt4+ were 
carried out gradually, followed by a waiting period of 10 min. The sample at this stage comprised 
sample 3 for TEM imaging. Then, 20 μL of 10 mM Pt4+ was added. Upon this addition, the reaction 
goes to near completion as indicated by the loss of the UV-Vis absorbance. Sample 4 was collected 
after allowing the colloid to stand for 5 minutes following this final Pt4+ addition. Samples were 
cast by pipetting 15 µL of the colloid onto either a Ni Formvar grid (for HAADF-STEM imaging) 
or an Au ultrathin carbon grid (for EDS mapping), and allowed to dry for ~1 hr. Following this, 
samples were rinsed with DI water and then dried in vacuum. HAADF-STEM imaging was 
performed on a JEOL 2010F operating at 200 kV. Images for each of these samples were acquired 
using a HAADF detector with a 0.3 nm spot size, 512 x 512 pixel area, and a dwell time of 32 µs 
per pixel. Energy dispersive X-ray spectroscopy (EDS) was performed in STEM mode on the same 
microscope using an Oxford INCA 30-mm ATW detector. EDS mapping was performed using a 
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200 x 200 pixel area per image and a dwell time of 1 ms per pixel. About 100 frames were 
averaged, correcting drift every 3 frames. Collected maps were downsized by averaging pixels in 
bins of 4. For elemental analysis, the Cl K edge, Au L1α and Pt L1α were used.  
High resolution transmission electron microscopy (HRTEM) was performed on a JEOL 2010F 
(field emission source) instrument with a Gatan CCD in bright field illumination mode. For 
HRTEM images shown in Figure 4.13, samples were obtained as follows. Here, 15 µL of the initial 
Ag NP solution was cast onto a Ni Formvar grid and allowed to dry, following which a solution of 
K2Pt(IV)Cl6 was applied to the grid for a total exposure time of ~2 min. The concentration of the 
K2Pt(IV)Cl6 solution (and therefore the extent of GE achieved in 2 min) was varied as 0.8 mM 
(Figure 4.13 A-D), 5 mM (Figure 4.13 E-G) and 10 mM (Figure 4.13 H). Nanostructure (NS) 
morphologies shown in Figure 4.13 A-D are similar to those observed in sample 3 of the ensemble 
titration, whereas those in Figure 4.13 E-G are very similar to sample 4. The morphologies seen in 
Figure 4.13 H represent a greater extent of exchange than sample 4.  
 DDA simulations were performed using the nanoDDSCAT tool hosted on nanoHUB.org. 
nanoDDSCAT is a free online resource developed by us, in collaboration with the nanoBIO node, 
that provides users a graphical user interface (GUI) to perform calculations based on the code 
developed by Draine and Flatau.142 Input files were created manually by projecting target shapes 
onto a cubic grid of dipoles using MATLAB. The dipole spacing was set to 1 nm. The initial 
nanostructure was considered to be a 51 nm Ag sphere. The bulk dielectric function of Ag from 
Johnson and Christy, available on nanoDDSCAT, was used without correction.143 For intermediate 
structures, this Ag sphere was cut along circular arcs and pits were created, within which Ag was 
replaced by AgCl. The dielectric function of AgCl was taken to be wavelength independent, and 
have a real part of the refractive index of 2.07, and a vanishingly small imaginary component. In 
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order to represent a small degree of exchange, two holes (see Figure 4.6 b,c and Figure 4.12 a) 
were cut on diametrically opposite sides. For a greater degree of exchange, four holes were cut 
along two orthogonal axes (as shown in Figure 4.6 d and Figure 4.12 b). For understanding the 
effect of Pt coating on the spectrum, (Figure 4.12 c), we started with an Ag sphere with two 16 nm 
radii holes etched into it, in order to maximize the potential contribution of Pt to the spectrum. 
Thereafter, dipoles corresponding to layers of Ag atoms on the surfaces orthogonal to the etched 
holes were replaced with Pt atoms. The etched holes were not filled with AgCl to resolve the effect 
of Pt replacement on the spectrum separately from the dielectric effect of AgCl. The bulk dielectric 
function of Pt,144 available on nanoDDSCAT, was used without correction. For the simulation of 
the final structure (Figure 4.6 e), three Ag smaller spheres, of sizes 10, 10 and 20 nm, were placed 
at the surface of a 51 nm AgCl sphere. All simulations were run with two parallel polarizations (as 
indicated on the figures). Scattering spectra at the two polarizations were averaged to generate the 
unpolarized spectra shown in Figure 4.6 and all of the spectra shown in Figure 4.12. Error tolerance 
was set to 1x10-6. Solid curves in the simulation figures are Lorentzian fits to the data points 
generated from the output (scattering cross-section, Qscatt as a function of wavelength from 
nanoDDSCAT). In Figure 4.12 were averages of polarizations are shown, the individual 
polarizations were fit to Lorentzians, and then the individual polarization fits averaged to generate 
the unpolarized spectra. 
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4.6 FIGURES AND TABLES 
 
Figure 4.1. Drastically different kinetics are observed at the single-nanoparticle level in the 
galvanic exchange of Ag nanoparticles with Pt4+ versus Au3+. A, B show the ensemble-averaged 
trajectory for 46 nm Ag nanospheres undergoing galvanic replacement with 100 µM K2Pt(IV)Cl6 
and 3 µM Au(III)Cl3 in DI water, respectively. C, D show representative single-nanoparticle 
reaction trajectories for 46 nm Ag nanospheres undergoing galvanic replacement with 100 µM 
K2Pt(IV)Cl6 and 3 µM Au(III)Cl3 in DI water, respectively. E, F show representative single-
nanoparticle reaction trajectories for 46 nm Ag nanospheres undergoing galvanic replacement with 
1000 µM K2Pt(IV)Cl6 and 6 µM Au(III)Cl3 in DI water, respectively. The ensemble-averaged 
trajectory in each of the two cases was generated by averaging all normalized single-nanoparticle 
trajectories in that experiment. Entry of the metal salt into the flow cell occurred at t = 0 s. The 
lamp illumination intensity was set to 66% of its maximum value and a flow rate of 1.5 mL/hr was 
employed. Data in panels B, D are reproduced with permission from our previous study (same data 
as shown in Figure 3.6).100  
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Figure 4.2. Concentration dependence of kinetics of galvanic exchange with Pt4+. A: Ensemble 
rate of the reaction increases near-linearly as a function of the K2PtCl6 concentration, as shown by 
a straight-line fit. The ensemble rate was determined by averaging all normalized single-
nanoparticle trajectories (see Figure 4.7), and then fitting the resulting trajectory to a 
monoexponential decay function. R2 >0.99 was observed for the fits. Two trials were performed 
at each concentration. Little variation in measured rate, indicated by black dots, was seen between 
the trials, except at the highest concentration. The average rate from the two trials, shown by red 
dots, was subject to the straight-line fit (solid red line, R2 = 0.95). B: Corresponding distribution 
of single-nanoparticle rates as a function of K2PtCl6 concentration. The histogram was generated 
by fitting each individual nanoparticle trajectory to a monoexponential decay function, and then 
plotting the extracted rate constant for 134, 128, 124 and 148 individual nanoparticles for the 100, 
250, 500 and 1000 μM experiments, respectively. Trajectories from both trials at each 
concentration were combined. Single-nanoparticle histograms show a tailed distribution with a 
peak close to the ensemble-averaged rate from A (indicated by the purple line). 
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Figure 4.3. Evolution of morphology and composition of the nanostructures over the course of  
galvanic exchange with Pt4+. (A, E, I, M) HAADF-STEM images of colloidal Ag nanoparticle 
samples as a function of progressive exchange. Corresponding ensemble UV-Vis spectra of these 
samples are shown in Figure 4.10B. (B, F, J, N) Higher magnification HAADF-STEM images, 
shown to highlight specific structural aspects. (C,G,K,O) Electron diffraction shows that the 
nanostructures contain primarily Ag (diffraction ring indices labeled in green) at all stages, except 
for the most highly exchanged samples (O), for which AgCl forms a major component (diffraction 
ring indices labeled in red). (D, H, L, P) Wide-field EDS spectra of the nanostructure samples, 
shown in the corresponding TEM images.  
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Figure 4.4. In situ spectral monitoring of single nanoparticles undergoing galvanic exchange with 
Pt4+. (A, B ,C, D) Color contour plots of scattering intensity vs wavelength (x-axis) and time (y-
axis) for four representative individual Ag nanoparticles, showing how the LSPR scattering 
spectrum evolves in the course of galvanic exchange in a 50 μM K2PtCl6 solution flowing at a rate 
of 1.5 mL/hr. Individual Ag nanoparticles display one of three different types of the behaviors in 
the spectral evolution, including LSPR red shift and subsequent peak splitting (A), continuous red 
shift only (B) and LSPR red-shift followed by a blue shift (C & D). Such distinct spectral responses 
of individual nanoparticles were unresolved in ensemble experiments (Figure 4.10A). K2PtCl6
 
solution enters the flow cell at t ~ 90 s (for A and D) and ~ 80 s (for B and C). Spectra were 
collected with a 5-s integration time. (E, F, G, H) Spectra from select time points from the 
respective contour plots are shown in a normalized form to accentuate spectral features. For clarity, 
the low S/N spectra at higher reaction times were smoothed by the Saviztky-Golay method using 
a 5 point window (see Figure 4.8 for unprocessed spectra). Contour plots for all 55 nanoparticles 
studied are shown in Figure 4.9 and the observed spectral behaviors are summarized in Table 4.1.  
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Figure 4.5. Two special aspects of the structural evolution. i) (A-D) Evolution of the polarization-
dependence of the scattering spectra of a single-nanoparticle at four stages of the exchange 
reaction. A stop-flow method was used for this specific experiment and scattering spectra are 
shown for orthogonal output polarization directions indicated as 0o and 90 (details are given in SI). 
The unpolarized scattering spectra at the four stages of reaction, are shown by black (A), pink (B), 
green (C) and sky blue (D) curves, respectively. Before the reaction begins (A), the scattering 
spectrum is nearly isotropic in polarization, however, as the reaction proceeds (B to D), the 
scattering spectrum develops an increasing polarization anisotropy, leading to the splitting seen in 
the unpolarized spectrum. ii) Morphologies and compositions of two representative nanostructures 
(left and right) obtained from the exchange (same sample as the one shown in M-P in Figure 4.4, 
I-L in Figure 4.11 and blue curve in Figure 4.10B). HAADF-STEM images (A,B) show that both 
nanostructures contain regions of 10-25 nm, which show increased contrast relative to the rest of 
the nanostructure. Elemental mapping (C,D) shows that these regions are highly enriched in Ag 
(green), and depleted in Cl (red). Pt (blue) is distributed ubiquitously across the nanostructure. 
Thus, the nanostructures at late stages of exchange are mainly comprised of AgCl, with small Pt 
nanoparticles deposited on top. Remaining Ag has phase segregated from the AgCl to form 
separate domains near the surface of the AgCl domains. EDS spectra (E,F), generated by averaging 
across the entire nanostructure indicate the composition: 15, 80 and 5 % w/w Cl, Ag and Pt 
respectively for the nanostructure on the left and 15, 81 and 4 % w/w Cl, Ag and Pt respectively 
for the one on the right. 
i) ii)
134 
 
 
Figure 4.6. Model of the structural dynamics occurring in the reaction. I) Schematic of the 
nanostructure and II) corresponding DDSCAT simulated scattering spectra are shown in 
progression for an unreacted 51 nm Ag nanosphere (A), an Ag nanoparticle that has undergone an 
anisotropic reaction to form two AgCl domains (indicated in red) (B and C, but with the extent of 
reaction, indicated by the size of the AgCl domains, greater in C), an Ag nanoparticle with four 
AgCl isotropically located domains, indicating even further reaction progress (D) and a final 
nanostructure consisting of a 51 nm AgCl nanoparticle with three phase-segregated Ag domains 
of size 20, 10 and 10 nm (E). Solid curves are Lorentzian fits to the data points obtained from the 
DDSCAT calculation. Scattering spectra for the two orthogonal polarization directions indicated 
by double-headed arrows were calculated separately and then averaged to generate the unpolarized 
spectrum. In B and C, the scattering spectra for the two orthogonal polarizations are also shown. 
Note that in these simulated targets, Pt deposits (found to be smaller than 2 nm in size) were not 
included, because such small deposits did not cause any spectral shifts but simply damped the 
plasmon resonance, leading to a decreased scattering intensity, as shown in Figure 4.12. 
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Figure 4.7. Ensemble trajectories of galvanic exchange generated by averaging all normalized 
single nanoparticle trajectories from one set of the experiments shown in Table 4.1 and 2. For each 
trajectory the time of bubble entry into the flow cell is defined as t = 0 s. Each of these trajectories 
was phenomenologically fit to a mon-exponential function to generate the ensemble rate data 
shown in Figure 4.2 of the main text. 
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Figure 4.8. Scattering spectra from all time points referred to in Figure 4.4 contour plots. Spectra 
are plotted with actual intensity (A, B, C, and D) and normalized intensity (E, F, G and H), 
respectively. The legends in A, B, C and D, which indicate the times of the selected nine spectra, 
also apply to the spectra presented in panels E, F G and H, respectively.  
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Figure 4.9. In addition to the contour plots in Figure 4.4 that show the evolution of single-
nanoparticle spectra for representative nanoparticles, similar contour plots for several more 
nanoparticles (total of 51) are presented here, in order to show the statistical propensity of 
individual nanoparticles to display each of the aforementioned behaviors (RS: red shift and 
splitting, R: progressive red shift and RB: red shift and then blue shift). All the experiments were 
performed under identical conditions. A brief summary of the observed spectral behaviors is 
presented in Table 4.1. The entry of bubble in each case is marked by a white dotted line. 
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Figure 4.9 (continued) 
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Figure 4.9 (continued) 
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Figure 4.9 (continued) 
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Figure 4.9 (continued) 
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Figure 4.10. Ensemble titration of 46 nm Ag nanoparticles with Pt4+ (A). The exchange was 
monitored by UV-Vis spectrophotometry. Each step involved the addition of 10 μL of 1 mM 
K2PtCl6 to a volume of 2 mL. (B) UV-Vis spectra of the four samples collected for the ex-situ 
structural characterization via TEM. The black curve shows the spectrum of 46 nm Ag nanoparticle 
colloid before the titration. Then 10 µL of 500 µM Pt4+ was added to the nanoparticle colloid and 
the mixture was allowed to stand until the spectrum showed no further change indicating that the 
reaction with the added amount of Pt4+ had completed. 10 µL of the sample at this stage, marked 
as sample 2, was drop-casted onto a TEM grid. Five successive additions of 10 uL 1 mM Pt4+ were 
carried out gradually, followed by a waiting period of 10 minutes . The sample at this stage 
comprised sample 3 for TEM imaging.  Then, 20 uL of 10 mM Pt4+ was added to the colloid. Upon 
this addition, the reaction goes to near completion as indicated by the significant drop in UV-Vis 
absorbance. Sample 4 was collected after allowing the colloid to stand for 5 minutes following this 
final Pt4+ addition.   
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Figure 4.11. Additional HAADF-STEM images for the samples shown in Figure 4.3. Additional 
images show that the conclusions drawn on the basis of Figure 4.3 and Table 4.1 are statistically 
valid. A-D are from sample 2, the spectrum of which is shown in Figure 4.10 b, E-H are for sample 
3 and I-L are for sample 4.  
A B C D
E F G H
I J K L
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Figure 4.12. DDA-simulated scattering spectra (Qscatt vs wavelength) of Ag nanoparticles at 
various stages in the galvanic exchange transformation. A) Scattering spectra of 51 nm Ag sphere 
as a function of progressive pitting at two points on diametrically opposite sides. The pits were 
filled with AgCl. The legend indicates the radius of the etched pit, the center of which is at the 
surface of the Ag sphere. Spectra shown are the average of spectra obtained under two orthogonal 
polarizations, one along the horizontal and the other along the vertical direction with reference to 
the illustration of the target nanostructure. As etching proceeds, red-shifting of the peak and peak 
splitting are observed. B) Scattering spectra of a 51 nm Ag sphere as a function of progressive 
pitting at four points along two orthogonal axes. The pits were filled with AgCl. The legend 
indicates the radius of the etched pit, the center of which is at the surface of the Ag sphere. Spectra 
shown are the average of spectra obtained under two orthogonal polarizations, one along the 
horizontal and the other along the vertical direction with reference to the illustration of the target 
nanostructure. As etching proceeds only red-shifts are observed. Peak splitting is absent due to the 
isotropic nature of the etching. When compared to the spectrum in A) at an equivalent hole size, 
the single-peaked spectrum is seen to be more red shifted than the redder band of the split spectrum 
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Figure 4.12. (continued) ...in A. C) Starting from a 51 nm Ag sphere, etched with two holes of 16 
nm radius, layers of Ag on the surfaces orthogonal to the etched holes were replaced with Pt. 
Spectra shown are the average of spectra obtained under two orthogonal polarizations, one along 
the horizontal and the other along the vertical direction with reference to the illustration of the 
target nanostructure. The described geometry is anisotropic and therefore has high refractive index 
sensitivity, thereby allowing us to explore the most exaggerated effect resulting from Pt deposition. 
As Pt replacement proceeds, the spectrum blue-shifts. For replacement of a 3 nm layer of Ag with 
Pt, we calculated a ~10 nm blue shift of the long axis mode. This calculated shift is significantly 
smaller than the typical blue-shift observed experimentally, even though the thickness of the Pt 
layer in the simulations is considerably exaggerated compared to the experimental situation, where 
we found that the surface Pt layer was thin enough (significantly thinner than 3 nm), so as to be 
not resolvable in the TEM images of the exchanged nanostructures.   
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Figure 4.13. High resolution TEM images for NPs in the intermediate (A-D) and final stages (E-
H) of GE. Samples were prepared as follows. Ag NPs were cast onto a TEM grid in the same 
manner as for the HAADF-STEM studies, following which a solution of K2Pt(IV)Cl6 was applied 
to the grid for a total exposure time of ~2 min. The concentration of K2Pt(IV)Cl6 was 0.8 mM for 
samples in A-D, 5 mM in E-G, and 10 mM in H. Samples in A-D consist predominantly of Ag, 
with some AgCl regions which are localized (confirmed by the measured lattice spacing in center 
two images), as well as small Pt clusters visibly deposited on the surface (darker contrast regions). 
E-G show regions that are predominantly AgCl (F shows a magnified area of AgCl) along with 
extruded Ag domains (E shows a magnified area of Ag). Small Pt clusters are visible, but lattice 
fringes are difficult to obtain on top of the thicker Ag and AgCl regions. Pt lattice fringes were 
obtained on a sample treated with a larger concentration of K2Pt(IV)Cl6 (H), which appears to 
remove much of the AgCl. As a result, it is easier to image the deposited Pt domains, which are 
found to be crystalline and ~1-3 nm in size. It should be noted that this level of exchange is to a 
greater extent than would be visible in our in situ work, since this happens after the ensemble 
spectra is extremely broad and weak. It is clear, however, that once the AgCl is removed, small Pt 
nanoparticles remain. 
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Table 4.1: Summary of different spectral features seen in the single-nanoparticle dynamics 
 
Characteristic Observations
Total number of nanoparticles in in situ Pt GE: 55
Red shift and peak splitting: 24 (43.6%)
Progressive red shift: 13 (23.6%)
Red shift and then blue shift 18 (32.8%)
Maximum amount of red shift 205 nm
Minimum amount of  red shift 20 nm
Average red shift 70 nm 
Maximum amount of blue shift 58 nm
Minimum amount of blue shift 6 nm
Average blue shift 15 nm 
Characteristic Observations
Total number of nanoparticles in ex 
situ HAADF-STEM: 
237
Mostly AgCl and Pt in final structure: 144 (60.8%)
Phase-segregated Ag nanoparticle(s): 93 (39.2%)
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Table 4.2: Summary of structural behaviors seen in the single-nanoparticle dynamics 
Characteristic Observations
Total number of nanoparticles in in situ Pt GE: 55
Red shift and peak splitting: 24 (43.6%)
Progressive red shift: 13 (23.6%)
Red shift and then blue shift 18 (32.8%)
Maximum amount of red shift 205 nm
Minimum amount of  red shift 20 nm
Average red shift 70 nm 
Maximum amount of blue shift 58 nm
Minimum amount of blue shift 6 nm
Average blue shift 15 nm 
Characteristic Observations
Total number of nanoparticles in ex 
situ HAADF-STEM: 
237
Mostly AgCl and Pt in final structure: 144 (60.8%)
Phase-segregated Ag nanoparticle(s): 93 (39.2%)
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